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ABSTRACT OF THESIS 
AN EVALUATION OF PHYSIOLOGICAL AND BEHAVIORAL INDICATORS OF 
POSTPARTUM DISEASES AND HEAT STRESS IN DAIRY COWS 
Precision dairy monitoring technologies can be used to monitor changes in physiology 
and behavior associated with transition period postpartum diseases and heat stress. 
Research Objective One was to evaluate how traditional visual examination, body 
condition, and locomotion with and without blood, milk, and urine variables and 
precision dairy monitoring technologies determine variable association with 
hyperketonemia, metritis, mastitis, hypocalcemia and retained placenta,. This was 
accomplished by monitoring cows 2 weeks before calving to 3 weeks after calving for 
any postpartum diseases using daily visual examination and automatically detected 
variables including activity, milk yield, milk components, lying behavior, feeding 
behavior, rumination time, and reticulorumen temperature. Deviations in reticulorumen 
temperature, milk production, eating time, lying time, and activity were detected by 
precision dairy monitoring technologies among cows with postpartum diseases. Research 
Objective Two was to determine the association between automatically detected variables 
and heat stress. This objective was accomplished by monitoring cows under natural 
ventilation, fans, and fans plus sprinklers for variations under each condition. Changes in 
physiology and behavior as detected by precision dairy monitoring technologies was 
associated with postpartum diseases and heat stress. Using precision dairy monitoring 
technologies and visual examinations may aid producers in identifying postpartum 
disease and heat stress. 
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CHAPTER ONE 
Review of Literature Section 1: Postpartum Disease 
INTRODUCTION 
The transition period is defined as the 3 weeks prepartum to 3 weeks postpartum 
when cows are at the greatest risk for developing postpartum diseases (Drackley, 1999b). 
After parturition, cows’ energy needs increase to meet the demands associated with high 
milk production (Grummer et al., 2004; Mulligan and Doherty, 2008; LeBlanc, 2010). 
When energy is insufficient, cows enter negative energy balance (NEB) resulting in 
excessive fat mobilization, increased risk of postpartum disease development, and 
infertility (Ingvartsen, 2006; Mulligan and Doherty, 2008). Although, increased milk 
production and excessive energy demands may be negatively associated with health 
effects including increased mastitis, cystic ovaries, and lameness (Koeck et al., 2014; 
Barkema et al., 2015), the effects of postpartum disease on milk production are not fully 
understood. 
Common diseases during the transition period include hyperketonemia, metritis, 
mastitis, hypocalcemia, and retained placenta (RP) and increased risk of developing 
lameness during this time (Mulligan and Doherty, 2008). Because 20 to 45% of all dairy 
cows suffer from either a clinical or subclinical postpartum disease (Dubuc and Denis- 
Robichaud, 2017), transition cow diseases represent an animal well-being problem. 
Curtis et al. (1985) first demonstrated that many postpartum diseases are interrelated and 
affected by nutritional imbalance during the prepartum period.  However, determining 
which cows have transition cow diseases can be difficult, because some cows do not 
exhibit clinical signs (Gordon et al., 2013).  Using precision dairy monitoring 




symptoms to determine incidence of subclinical and clinical disease. 
PRECISION DAIRY MONITORING 
 
Precision dairy monitoring technology can serve as a tool to measure variables 
helpful for monitoring heat stress, postpartum diseases, lameness, and mastitis including 
rumination, feeding, standing, and lying time, body condition score (BCS), lameness, 
calving, heart rate, milk yield, and milk components (Mohr et al., 2002, O’Driscoll et al., 
2008, Bewley, 2010, Soriani et al., 2013, Calamari et al., 2014).  Most PDM are attached 
to a cows’ body to monitor cow’s behavior or physiology and determine deviations from 
an average or expected value (Rutten et al., 2013; Borchers et al., 2016).  From these 
deviations, company based or individually developed algorithms can be used to alert 
users of an increased likelihood of a disease event (Tsai, 2017). 
Monitoring rumination time, feeding time, lying time, standing time, and milk 
production with PDM before disease or during early disease onset may help to better 
detect subclinical or clinical disease.  Despite decreased DMI prepartum observed by 
Huzzey et al. (2007), lower rumination time was not always associated with disease 
detection (Liboreiro et al., 2015). Cows with mild metritis ruminated less 2 to 9 days 
postpartum (P < 0.05; Liboreiro et al., 2015). Cows with clinical metritis ruminated 
about 50 minutes less per day than healthy cows 5 days before to 5 days after clinical 
diagnosis (Stangaferro et al., 2016c), and ate 1 kg/d less during the 3 days before 
diagnosis (Neave et al., 2018). However, Neave et al. (2018) reported no difference in 




Within two days of clinical mastitis diagnosis, sick cows decreased rumination 
time about 100 minutes (P < 0.05), and produced 6kg/d less than healthy cows 
(Stangaferro et al., 2016b). Rumination time was 150 to 280 minutes less (P < 0.05) five 
days before to one day after clinical hyperketonemia and displaced abomasum (DA) 
(Stangaferro et al., 2016a). Although, subclinical ketosis was not impacted by rumination 
time (P = 0.37), cows with subclinical ketosis ruminated less (P < 0.05) between 0 and 8 
days postpartum than healthy cows (Liboreiro et al., 2015). Neave et al. (2018) observed 
cows with both metritis and subclinical hyperketonemia decreased feed intake, visited the 
feed bunk less, and ate less meals per day than healthy cows (P < 0.05).  Using an 
activity measurement may also be useful to detecting behavioral changes associated with 
disease. Although activity monitoring as a disease diagnostic tool has been 
underexplored, between 5 days before and 5 days after clinical diagnosis, cow activity 
was 50 to 160 minutes less in cows with clinical ketosis, clinical metritis, and clinical 
mastitis (P < 0.05) (Stangaferro et al., 2016a;b;c). This suggests that metritis, mastitis, 
and hyperketonemia incidence is related to changes in feeding time, rumination time, and 
activity, which can be measured using PDM. 
To assess the efficacy of a technology at detecting changes associated with 
disease incidence, validations must occur (Borchers et al., 2016). A PDM is often 
validated versus visual observations, to calculate the frequency of true positives (TP; the 
number of times an event occurs and the technology correctly identifies that event), false 
positives (FP; the number of times an event does not occur but the technology identifies 
that event), true negatives (TN; the number of times an event does not occur and the 




times an event occurs but the technology identifies that event). Sensitivity, specificity, 
positive predictive value, negative predictive value, and accuracy can then be calculated 
from TP, FP, TN, and FN (Iwersen et al., 2009; Hogeveen et al., 2010). In brief, 
sensitivity is calculated as TP / (TP+FN), specificity as TN / (TN+FP), positive predictive 
value as TP / (TP+FP), negative predictive value as TN / (TN+FN), and accuracy as 
(TP+TN) / (TP+FP+TN+FN). Because, high sensitivity alerts are frequently associated 
with low specificity alerts, and vice versa (Rutten et al., 2013), establishing 
concentrations for TN and TP can lead to modifications in sensitivity and specificity. For 
example, Iwersen et al. (2009) observed that when ketostix was used to monitor urine and 
a 2.9 to 92.96 mg/dL concentration was explored, sensitivity ranged from 78 to 22%, 
with specificity of 92 to 100%. Further, determining which value (sensitivity, specificity, 
or accuracy) is a more critical assessment of a technology relates back to the initial 
question, and can alter data interpretation (Hogeveen et al., 2010). Although a high 
sensitivity may be beneficial in the case of clinical mastitis with E. coli, that requires 
rapid treatment before systemic infection, high specificity may be more important if 
attempting to prevent unnecessary antibiotic use (Hogeveen et al., 2010). Therefore 
maximizing both sensitivity and specificity is important for detecting changes in 
technology related to disease. 
Across multiple studies, sensitivity and specificity for detecting behaviors 
associated with disease have varied. Metritis detection sensitivity with PDM (55%) was 
nearly equivalent to detecting metritis by pyrexia alone (58 %, Stangaferro, 2016c) . 
Clinical ketosis detection sensitivity was 89 % (Stangaferro et al., 2016a). Clinical 




and Escherichia coli (81 %; Stangaferro et al., 2016b). Sensitivity of PDM increased 3 to 
39% in cows diagnosed with one or more diseases (Stangaferro et al., 2016a, b, c), 
suggesting increased rumination and activity variability in cows afflicted with ≥ 2 
diseases. Combining variables of rumination time, eating time, and activity may be 
necessary to increase the sensitivity of disease detection (Liboreiro et al., 2015). Tsai 
(2017) evaluated 10 different technologies, and observed a sensitivity of 35 to 79%, with 
specificity ranging from 79 to 96% across all diseases. This suggests that PDM may be 
applicable in detecting behavioral physiological changes associated with disease, but can 
vary greatly by technology and disease. 
Overall, little research has been conducted to determine the risk of an individual 
cow developing a metabolic disease based on behavioral and physiological changes 
collected with and without technology. Precision dairy management technology provides 
an additional tool for detecting changes, but additional challenges associated with 
sensitivity, specificity, and accuracy, may complicate our understanding of how to use 
PDM effectively. Further, despite detecting these changes associated with disease, a 
PDM cannot diagnose the animal with hyperketonemia, metritis, mastitis, hypocalcemia, 
or RP. Current diagnosis is limited to direct evaluation using blood, urine, or milk 
concentrations. However, by using changes detected by the PDM, alongside positive 
disease diagnosis from blood, urine, or milk concentrations, we may be able to predict 
disease incidence based on day of disease diagnosis and previous days behavioral and 
physiological variables measured by PDM. This would allow better understanding of 
variables that change before positive disease diagnosis, and provide an additional tool to 






Energy balance can be indicated by multiple measurements including non- 
esterified fatty acids (NEFA), ketones, glucose, and insulin concentration, milk fat to 
protein ratio, and milk fat (Ingvartsen, 2006; Walsh et al., 2007b). At parturition, 
increased gluconeogenesis must occur to provide adequate glucose for milk production, 
reducing glucose available for other functions (Gordon et al., 2013). In healthy cows, 
when glucose is limited, the liver completely oxidizes NEFA to form carbon dioxide 
(Grummer, 2008) and mobilizes fatty acids from adipose tissue to provide additional 
energy (Ingvartsen, 2006; Gordon et al., 2013). However, when excess fat mobilization 
occurs, the liver metabolizes the fatty acids to reform triglycerides and partially oxidize 
ketones, as the liver can no longer completely oxidize NEFA to form carbon dioxide 
(Enjalbert et al., 2001; Grummer et al., 2004; Grummer, 2008). The mobilization of fatty 
acids increases the concentration of NEFA in the bloodstream, and requires the liver to 
process the additional NEFA (Grummer et al., 2004; Mulligan and Doherty, 2008). 
Because triglyceride excretion from the liver is slow in ruminants, overloading the liver 
with fatty acids can lead to fatty liver (Grummer et al., 2004; Grummer, 2008). Cows 
with prepartum blood NEFA concentrations  .30 mg/dL were 1.3 times more likely to 
develop hyperketonemia during 3 to 16 DIM (McArt et al., 2013). Therefore, high 
concentrations of NEFA and BHBA plus reduced glucose concentration may lead to 
increased hyperketonemia risk (Gordon et al., 2013). 
Hyperketonemia is described as any elevated ketone body concentration in the 
blood, especially BHBA, postpartum (Ingvartsen, 2006; Duffield et al., 2009; Gordon et 




clinical defined as elevated ketone body concentration in blood (exceeding  17.43 
mg/dL, Oetzel, 2004), milk, and urine, accompanied by decreased feed intake, weight 
loss, and dry manure (Gordon et al., 2013) lasting a mean of 9 days (Itle et al., 2015). 
Subclinical ketosis is characterized by increased whole blood, milk, and urine ketones 
above an established threshold:(whole blood BHBA concentration between 6.97 to 16.9 
mg/dL; Oetzel, 2004; Iwersen et al., 2009), without visually identifiable symptoms 
(Gordon et al., 2013). Subclinical hyperketonemia incidence rate ranged from 27 to 60% 
with clinical hyperketonemia effecting 2 to 15% of cows (McArt et al., 2012;2013). 
Symptoms of hyperketonemia include increased blood ketone concentration, decreased 
dry matter intake (DMI), BCS, and decreased milk production (McArt et al., 2012). 
Decreased DMI, BCS, and milk production are associated with negative energy balance, 
and may explain factors associated with increased risk of other disease. Cows with 
clinical hyperketonemia may also display nervousness including abnormal licking, 
chewing on pipes or concrete, abnormal gait, or aggression (Gordon et al., 2013). Cows 
diagnosed with clinical hyperketonemia stood 2.4 hours/day more than healthy cows one 
week prepartum, and 4.5 hours/day more at parturition (P < 0.005; Itle et al., 2015). 
Although subclinical hyperketonemia is defined by BHBA concentration 
thresholds, Duffield et al. (2009), reported that the cut points may be an arbitrary method 
to assess when subclinical hyperketonemia occurs. Variation in whole blood BHBA 
concentration varies throughout an individual day, so time of measurement related to 
feeding time effects BHBA concentration. Nielsen et al. (2003) observed cows fed a high 
energy diet linearly increased plasma BHBA concentration from 10:00 to 19:00 




5.81 mg/dL by 6:00. This nightly increase in BHBA concentration without elevated 
BHBA concentration during the day, may further suggest that thresholds of subclinical 
disease may be more individualized to specific cows. Therefore using concentration 
thresholds may be a common, but problematic, method for assessing subclinical 
hyperketonemia. 
Rather, subclinical hyperketonemia diagnostic thresholds have been based on 
changes in milk production and reproductive efficiency. In the first 30 days of lactation, 
cows without subclinical ketosis produced 1.2 to 1.4 kg per day more than cows 
diagnosed with subclinical ketosis ( ≥ 6.7 mg/dL; P <0.05; McArt et al., 2012). However 
in a secondary study, cows diagnosed with subclinical hyperketonemia at a threshold 
9.3 mg/dL, did not differ in milk production compared to healthy cows (BHBA 
concentration < 9.3 mg/dL; P > 0.05; Duffield et al., 2009). This suggests other factors, 
including ration, housing, or parity may be confounding factors to modify milk 
production losses attributed to hyperketonemia. Walsh et al. (2007b) reported a 0.58 
mg/dL increase of BHBA during weeks one ( 5.81 mg/dL) and two ( 8.13 mg/dL) 
postpartum reduced the pregnancy rate of cows by 2% and 3%, respectively. 
Additionally, cows with a BHBA concentration ≤ 5.81 mg/dL in week 1 or ≤ 8.13 mg/dL 
in week 2 experienced a median time to pregnancy of 108 days, versus cows with BHBA 
concentrations greater than thresholds in week 1 or weeks 1 and 2 (124 and 136 days, 
respectively; P < 0.05; Walsh et al., 2007b). However, McArt et al. (2012) reported no 
difference in conception to first service between healthy (96 days) and cows diagnosed 
subclinical ketosis (104 days). Walsh et al., (2007b) and McArt et al., (2012) considered 




results. This further suggests that multiple factors and individual cow variation may 
provide further explanation for inconsistency in hyperketonemia definitions and 
thresholds. 
Hyperketonemia increased the risk of displaced abomasum (DA), lameness 
clinical ketosis, metritis, milk loss, culling, and reproductive failure later in lactation 
(Walsh et al., 2007b; Duffield et al., 2009; McArt et al., 2012). Cows with subclinical 
ketosis were 19.3 times more likely to develop a subsequent DA than healthy cows (P < 
0.001) within 30 DIM (McArt et al., 2012). Cows diagnosed with subclinical ketosis 
between 3 and 7 DIM (≥ 6.7 mg/dL) were 4.5 times more likely to be culled than cows 
diagnosed later (McArt et al., 2012). Negative energy balance leading to hyperketonemia 
may explain the increased for risk of other postpartum diseases, as a single disease rarely 
occurs in isolation (Walsh et al., 2007b; Mulligan and Doherty, 2008). 
Additionally, calving stress, over-conditioning at calving, and parity may explain 
variation hyperketonemia incidence (Duffield et al., 1998; Walsh et al., 2007b; McArt et 
al., 2013). Dams of bull calves showed 1.2 to 1.4 greater risk of developing ketosis than 
cows that calved with female calves (McArt et al., 2013). The size difference between 
bull and heifer calves at calving or possible greater negative energy balance attributed to 
the greater nutritional needs prepartum, may explain increased risk (McArt et al., 2013). 
Cows with increased BCS before calving were also at a higher risk for developing 
hyperketonemia, because negative energy balance can cause rapid change in adipose 
storage (Ingvartsen, 2006; Mulligan et al., 2006; McArt et al., 2012). Cows with a BCS 
3.5 (using a US scale) at calving, experienced significantly greater risk of developing 




hyperketonemia (McArt et al., 2013). Additionally, subclinical hyperketonemia 
incidence rate varied among first, second, and third or greater parity cows representing 
28.7%, 26.3%, and 45.0%, respectively (McArt et al., 2012). Vanholder et al. (2015) 
agreed with McArt et al., (2012), observing multiparous cows had a 2.1 to 2.8 greater 
odds of developing subclinical hyperketonemia than primiparous cows. Recognizing the 
effects of calf sex, BCS changes around parturition, and parity can help target specific 
cows for monitoring and treatment. 
Treatment for hyperketonemia includes feeding propylene glycol, dextrose, or 
insulin to increase glucose concentration available to liver, decreasing the likelihood of 
developing fatty liver (Mulligan and Doherty, 2008; Gordon et al., 2013). Orally 
drenched propylene glycol was the only treatment method that resolved ketosis, resolved 
health difficulties, and returned milk production to previous concentrations (Gordon et 
al., 2013). Drenching cows with hyperketonemia with at least 300 g of propylene glycol 
once daily for five days reduced whole BHBA concentration (Gordon et al., 2013). 
Treatment with monensin via controlled released capsule also reduced the incidence of 
hyperketonemia (P < 0.05; Duffield et al., 1998, Walsh et al., 2007b). Duffield et al. 
(1998) reported about 50% less incidence of ketosis when cows were treated three weeks 
prepartum with controlled release capsule containing monensin. Monensin reduced 
negative energy balance by increasing available haptoglobin concentration in healthy 
cows, but exact mechanisms are less understood (Crawford et al., 2005). Although 
monensin is currently approved by the Federal Drug Administration, in future, consumer 




(McGuffey, 2017). This suggests that in future research, new non-supplemental feed 
ingredients may need to be explored to reduce hyperketonemia incidence. 
METRITIS 
 
Around parturition, dairy cows are immunosuppressed and thus more susceptible 
to increased pathogen load (Hammon et al., 2006), causing decreased prepartum 
concentrations of IGF-1 and significantly less polymorphonuclear myeloperoxidase (P < 
0.05; Hammon et al., 2006, Giuliodori et al., 2013). Before parturition, the uterine lumen 
is sterile, but at parturition, the cervix opening allows environmental contamination to 
migrate from vagina to the uterus (Foldi et al., 2006). Sannmann et al. (2013) reported 
53% of cows tested positive for Escherichia coli, 47% for Archanobacterium pyogenes, 
30% for Fusobacterium necrophorum, and 20% for Prevotella within 10 d postpartum. 
However, bacterial presence does not necessarily assure later uterine infection (Foldi et 
al., 2006), as more than 90% of cows have some bacteria present postpartum (Sheldon 
and Dobson, 2004). 
Blood biomarkers associated with immune function (haptoglobin) and negative 
energy balance (NEFA and BHBA) can been used to monitor changes associated with 
metritis (Dubuc et al., 2010; Ospina et al., 2010; Sannmann et al., 2013). Cows with 
metritis on days 2, 5, and 10 showed 0.5 times higher haptoglobin in blood plasma than 
healthy cows (P < 0.05; Sannmann et al., 2013). Huzzey et al. (2009) observed similar 
results, with elevated haptoglobin between 0 and 12 days postpartum. Blood serum 
haptoglobin concentration  0.8 g/L from days 1 to 7 postpartum and  0.4 g/L 8 to 14 
days postpartum increased the odds of metritis 4.01 and 3.01, respectively (P < 0.01; 




inflammation, indicating other blood variables or direct assessment should be used to 
diagnose metritis directly (Huzzey et al., 2009). Differences in NEFA and BHBA were 
observed among cows diagnosed with metritis, compared to health cows (P < 0.05; 
Giuliodori et al., 2013). Beginning two weeks prepartum, elevated blood plasma NEFA 
concentrations may be associated with increased likelihood of developing metritis 
(Hammon et al., 2006). Giuliodori et al. (2013), observed prepartum elevated NEFA 
concentrations > 38.14 mg/dL increased the risk of cows developing metritis. 
Postpartum blood plasma BHBA was significantly greater from weeks 1 to 4 postpartum 
(Hammon et al., 2006). Duffield et al. (2009) showed cows with metritis experienced 
elevated BHBA serum concentrations  6.97 mg/dL one week postpartum (P < 0.005). 
During the first week postpartum, cows are at the greatest risk of developing 
hyperketonemia (McArt et al., 2012), suggesting a direct relationship between 
immunosuppression, specifically metritis, and BHBA concentration. 
Subclinical metritis is defined as an infection of the uterus caused by 
environmental and pathogenic bacteria that occurs between 2 and 10 days postpartum 
(Sheldon et al., 2006; Huzzey et al., 2007; Sannmann et al., 2013). Metritis appears as an 
odorous, red-brown, watery discharge (Drillich et al., 2001). Clinical metritis presents 
similar symptoms and behaviors to puerperal metritis, but is distinguished by systemic 
illness including fever, dull-appearance in eyes and coat, decreased milk production, 
decreased DMI, increased heart rate, and anorexia within 21 days postpartum (Drillich et 
al., 2001; Sheldon et al., 2006; Giuliodori et al., 2013). Cows with the lowest DMI two 
weeks prepartum, had lower polymorphonuclear myeloperoxidase activity indicative of 




minutes/day than healthy cows 2 weeks prepartum to 2 weeks postpartum (P < 0.05; 
Huzzey et al., 2007). Reported rectal temperature was greater from 72 hours before 
diagnosis to four days after diagnosis among 41% of cows with metritis (P < 0.05), with 
a 0.6 C difference on day of diagnosis (38.58 vs 39.2; Benzaquen et al., 2007). 
Although dull-appearance, decreased milk production, and pyrexia are not required to 
diagnose metritis, each symptom serves as an additional indication of metritis (Sheldon et 
al., 2006). The terms endometritis, metritis, and pleural metritis are often used 
interchangeably, but are different diseases based on diagnosis day, bacterial type, and 
assessment measure (Sheldon et al., 2006; Potter et al., 2010). Therefore, definitions of 
metritis and tools of assessing metritis may explain variation in incidence, milk 
production, and reproductive status. 
Unlike a blood concentration evaluation, metritis is diagnosed with different 
techniques including rectal palpation, uterine inflammation scoring, ultrasound, 
radiography, and visual observation have been used to diagnose metritis between 6 and 
21 DIM (Andermann et al., 2007; Leutert et al., 2012). The most common method 
employed by producers is increased rectal temperature and observation of pungent, 
watery, red vaginal discharge (Haimerl and Heuwieser, 2014). However, diagnosing 
metritis should not be based solely on presence of fetid, watery discharge, as there is low 
reliability between interobserver and intraobserver scoring systems (Sannmann and 
Heuwieser, 2015). Intraobserver reliability was reported as fair to moderate for 
discoloration, odor and viscosity (κ = 0.35, 0.39 and 0.6 respectively; Sannmann and 
Heuwieser, 2015). This may suggest over or under estimations of metritis incidence 




create a more consistent system for evaluating vaginal discharge using a Metricheck 
device to consistently collect vaginal discharge samples. Despite consistent collection 
sample size, however, the system still requires a subjective visual scoring. Finding a 
more objective method of assessing metritis is critical to accurately determine the effects 
of parity, incidence rate, and effects on reproduction and milk yield. 
Like hyperketonemia, metritis incidence may also vary by parity. Across multiple 
studies, regardless of parity, 21 to 30% of cows were diagnosed with subclinical metritis 
(Hammon et al., 2006; Benzaquen et al., 2007; Giuliodori et al., 2013), and 10 to 17% 
with clinical metritis (Dubuc et al., 2010; Giuliodori et al., 2013).  However, Huzzey et 
al. (2007) and Sannmann et al. (2013) observed 34 and 56% incidence among 
multiparous cows, but a greater incidence among primiparous cows (61%; Sannmann et 
al., 2013). This suggests that confounding factors including dystocia, twins, and RP may 
be associated with parity and incidence variation (Benzaquen et al., 2007; Dubuc et al., 
2010; Giuliodori et al., 2013). 
However, the interaction of parity and metritis may also contribute to milk 
production postpartum. Multiparous cows with metritis produced 259 kg less 
milk/lactation than healthy cows 305-day projected milk yield (P < 0.05; Dubuc et al., 
2011). Primiparous cows with metritis produced equal first test day or 305-day projected 
milk yield to healthy primiparous cows (Dubuc et al., 2011). However, parity differences 
were not universally observed. Cows with mild and clinical metritis produced 5.7 and 
8.3 kg less milk than healthy cows during the first 3 weeks after parturition, regardless of 
parity (Huzzey et al., 2007). Additionally, (Giuliodori et al., 2013) reported that cows 




than healthy cows within the first 90 DIM. These differences in milk production may be 
further explained by metritis incidence and individual variation, but further information 
must be obtained to determine how parity and milk production relate. 
Disagreement further exists if clinical and subclinical metritis delay time to 
pregnancy and pregnancy rate. Metritis tended to increase time to pregnancy in cows 
observed with mucopurulent discharge (P = 0.09) and decreased pregnancy rate in cows 
with fetid or purulent discharge by 20% (LeBlanc et al., 2002). Mucopurulent discharge 
before 27 DIM showed no effect on time to pregnancy or pregnancy rate (LeBlanc et al., 
2002).  Cows with purulent or fetid discharge decreased pregnancy rate by 17% 
compared to cows with normal discharge (LeBlanc et al., 2002). Additionally, cows with 
puerperal metritis showed 141 median days open compared to clinical metritis (120) and 
healthy cattle (105) (P = 0.02; Giuliodori et al., 2013). However, Benzaquen et al. (2007) 
reported no difference between cows with and without metritis, in regards to first-service 
conception rate, calving to first service, or accumulated pregnancy risk at 150 DIM. As 
seen with differences in incidence, parity, and milk production, studying additional 
factors including negative energy balance, parity, and previous disease status may give 
further insight into variation among factors related to metritis (Esposito et al., 2014). 
MASTITIS 
 
Mastitis is characterized as inflammation of the mammary gland resulting from 
either infectious (contagious, environmental or opportunistic pathogens) or non- 
infectious (trauma or physical damage) causes (Barlow, 2011). Mastitis is most 
commonly caused by an intramammary infection attributed to pathogens (Barlow, 2011; 




cow and environmental pathogens are spread through the cow’s environment (Royster 
and Wagner, 2015). Subclinical mastitis has no associated symptoms of illness, but is 
rather identified by an increased somatic cell count (SCC; Royster and Wagner, 2015). 
Subclinical mastitis is diagnosed when the SCC  200,000 cells/mL (SCS = 4) in either 
one quarter or a composite sample of all four quarters (Royster and Wagner, 2015). Mild 
clinical mastitis is characterized by abnormal milk including clots or flakes or thin milk 
(Roberson, 2003; Royster and Wagner, 2015). Moderate clinical mastitis consists of 
abnormal milk with signs of quarter or udder abnormalities including discoloration, heat, 
swelling, and pain (Roberson, 2003, Royster and Wagner, 2015). Severe clinical mastitis 
is classified as abnormal milk, quarter or udder abnormalities, and systemic illness 
including pyrexia, dehydration, weakness, and decreased feed intake (Roberson, 2003, 
Royster and Wagner, 2015). 
Cows possess multiple means to reduce intramammary infection. The physical 
structure of the teat canal serves as a barrier to these pathogens (Rainard and Riollet, 
2006). A teat has a single opening controlled by a sphincter muscle, leading to a streak 
canal protected with Furstenberg’s rosette, a streak cistern, and a gland cistern (Rainard 
and Riollet, 2006; Oviedo-Boyso et al., 2007; Barlow, 2011). After dry off, a teat 
develops a keratin plug to prevent pathogens from entering the teat canal (Rainard and 
Riollet, 2006). At lactogenesis and at the beginning of each milking, the milk flushes out 
the keratin plug (Rainard and Riollet, 2006). 
Although physical structure helps to reduce pathogens from entering the teat 
canal, antibacterial factors in milk prevent the spread of certain pathogens once past the 




lactoferrin, lysozyme, lactoperoxidase, and immunoglobulins increase (Rainard and 
Riollet, 2006; Taponen et al., 2009). Lactoferrin is an iron-binding protein found in milk 
that prevents bacteria from obtaining the iron needed for proliferation (Rainard and 
Riollet, 2006; Oviedo-Boyso et al., 2007). Lysozymes cleave the peptidoglycans found 
in gram negative bacteria cell walls resulting in bactericide (Rainard and Riollet, 2006). 
Lactoperoxidase and immunoglobulins also behave as natural bactericidal within milk 
(Rainard and Riollet, 2006). Natural innate immune function including macrophages, 
neutrophils, cytokines, and natural killer cells, all increase when a bacterial infection is 
recognized (Oviedo-Boyso et al., 2007). Despite these external and internal defenses, 
mastitis incidence rate is still high. 
Incidence rate varies by severity, pathogen, and parity. Pinedo et al. (2012) 
observed a 7.4% clinical mastitis incidence within 30 days postpartum and a 10.1% 
incidence within 60 days postpartum. Subclinical mastitis incidence rate was 17.1, and 
26.5% within 30 and 60 days postpartum, respectively (Pinedo et al., 2012). Overall 
distribution of mastitis pathogens among five herds were gram-negative (35.6%), no 
growth (27.3%), gram-positive (27.5%), and other (9.6%; Olivera et al., 2013). However, 
across 226 herds, Staphylococcus aureus (S. aureus; gram-positive) prevalence was 74% 
(Olde Riekerink et al., 2010). Third and fourth parity cows were at a greater odds of 
developing mastitis than second parity cows (Steeneveld et al., 2008). This suggests that 
multiple factors may play a critical role pathogen incidence and prevalence. To 
determine mean incidence by pathogen and parity, studies evaluating multiple operations 
simultaneously must be employed. Both Steeneveld et al. (2008) and Olde Riekerink et 




Preparation procedures and treatment protocols alone may greatly influence the spread of 
contagious and environmental pathogens (Royster and Wagner, 2015). For example, 
contagious pathogens can spread most easily through contaminated milking equipment, 
milking liner slips, or contaminated hands (Keefe, 2012), whereas Escherichia coli (E. 
coli) is normally present in the gastrointestinal track of ruminants and can be passed 
through feces (Hogan and Larry Smith, 2003). Accounting for management decisions, 
contagious and environmental pathogens can vary greatly by herd, suggesting continuing 
need for large-scale studies. 
Unlike hyperketonemia or metritis, production decreases associated with mastitis 
are universally recognized, for most pathogens (Wilson et al., 2007; Barlow, 2011; Rollin 
et al., 2015). Wilson et al. (2007) reported cows with E.coli mastitis produced 7.7 kg less 
milk per day than vaccinated cows (P < 0.05). Hertl et al. (2014) observed a 1.1 to 4.9 
kg/d in primiparous and 1.4 to 9.2 kg/d loss in multiparous cows diagnosed gram 
negative bacteria one to six weeks after diagnosis (P < 0.05). Similarly, primiparous and 
multiparous cows diagnosed with S. aureus also decreased milk yield between 1.3 and 
4.1kg/d within nine weeks postpartum (P < 0.05; Hertl et al., 2014). However, cows with 
Coagulase-negative staphylococci species showed no decrease in milk production for six 
weeks post-diagnosis (Hertl et al., 2014). Reyher et al. (2011) observed among 94 herds, 
coagulase-negative was detected in < 3% of cows, suggesting small sample size may be a 
contributing factor to maintenance of milk production and insufficient diagnostic results. 
Although SCC can be used to detect subclinical mastitis, clinical symptoms 
require subjective assessment of milk quality. Further, pathogen presence can be difficult 




Ruegg (2003) found that up to 50% of milk samples collected from cows with clinical 
and subclinical mastitis yielded negative cultures. Therefore, a secondary step to culture 
may be necessary. Taponen et al. (2009) reported that among 79 samples with no growth 
results via conventional culture, real-time PCR identified 43% with one or two pathogens 
present. This may suggest standard laboratory cultures are an inadequate method to 
measure pathogen presence in cows with mastitis (Taponen et al., 2009). A specific S. 
aureus culture systems allows producers to see color change or bacterial growth for 
particular species of bacteria with an 87.5% sensitivity compared to standard plating and 
centrifugation (Silva et al., 2005). However, specific culture systems can be expensive 
and specific to a singular pathogen (Silva et al., 2005). Additionally, culture results can 
take 48 to 72 hours to receive results (Roberson, 2003). However, cows treated with 
antibiotics without culturing or treated after culture results did not show a significant 
difference in cure rate (Lago et al., 2011), suggesting a 2 to 3 day wait does not result in 
negative effects on milk production. Further research should explore methods to reduce 
the number of negative culture results, which can reduce the costs of culturing and 
missing diagnosis of a pathogen. 
HYPOCALCEMIA 
 
Calcium is necessary for nerve and muscle function in lactating dairy cows (Goff, 
2008). The endocrine system regulates the release of skeletal calcium to the bloodstream 
(Overton and Waldron, 2004; DeGaris and Lean, 2008). When blood calcium is low, 
parathyroid hormone (PTH) is released from parathyroid gland (DeGaris and Lean, 2008) 
and stimulates the release of vitamin D (Khundmiri et al., 2016). The release of PTH 




kidney and bone reabsorption, and increased intestine absorption (DeGaris and Lean, 
2008; Khundmiri et al., 2016). At parturition, cows experience an accelerated decline in 
calcium, as calcium is repartitioned into colostrum (Horst et al., 1997; DeGaris and Lean, 
2008). Mean blood calcium concentration in lactating cows is typically maintained 
between 8.5 and 10.0 mg/dL (Kimura et al., 2006; Goff, 2008). Cows must mobilize 
calcium stores from bone and increase intestinal absorption to prevent hypocalcemia 
from occurring (Horst et al., 1997; Goff, 2008; Jawor et al., 2012). Blood calcium 
concentration reaches its lowest point between 12 and 24 hours postpartum with about 
25% of heifers and 50% of cows’ blood serum reaching ≤ 8.0 mg/dL (Goff, 2008). 
However, blood calcium concentration may further decrease to 6.6 mg/dL within the first 
week postpartum (Quiroz-Rocha et al., 2009b). This suggests fluctuations in blood 
calcium concentration around parturition must be considered in diagnosing and treating 
hypocalcemia. 
Hypocalcemia can be categorized as a subclinical or clinical disease (Goff, 2008). 
 
Critical blood plasma concentration associated with subclinical hypocalcemia ranges 
from 8.0 to 8.8 mg/dL. Oetzel (2004) suggested subclinical hypocalcemia is classified as 
blood plasma calcium between 5.5 mg/dL and 8.0 mg/dL. When blood calcium 
concentration is ≤ 8.0 reduced rumen motility and reduced feed intake decreases, leading 
to an increased risk hyperketonemia and DA postpartum (Reinhardt et al., 2011). 
Considering subclinical hypocalcemia as blood calcium concentration ≤ 8.0, incidence 
rate ranged from 41 to 66% among 2 to 6 parity cows (Reinhardt et al., 2011; Neves et 
al., 2017). However, more recent research has suggested that when blood calcium 




postpartum diseases. Cows were observed to have an increased risk of developing DA 
when blood serum calcium concentration was ≤ 9.4 mg/dL prepartum and ≤ 8.8 to 9.2 
mg/dL postpartum (Chapinal et al., 2011; Seifi et al., 2011). Martinez et al. (2012) used 
receiver operating characteristic curves to predict metritis with 88.5% sensitivity and 
55.2% specificity when calcium concentration in serum was ≤ 8.59 mg/dL. Blood serum 
calcium ≤ 8.8 mg/dL during days 1 to 7 postpartum and blood serum calcium 
concentration ≤ 9.2 mg/dL also increased the risk of culling attributed to hypocalcemia 
(Seifi et al., 2011). Therefore, using 8.0 mg/dL as the cutoff value for subclinical 
hypocalcemia may vastly underestimate the incidence and economic cost of subclinical 
hypocalcemia (Martinez et al., 2012). 
Jawor et al. (2012), argued that both (Oetzel, 2004) and (Seifi et al., 2011) 
threshold for subclinical hypocalcemia was too great, considering subclinical 
hypocalcemia at blood serum  7.2 mg/dL. At this threshold, 305-d milk yield was equal 
between cows with and without subclinical hypocalcemia, but, cows with subclinical 
hypocalcemia produced significantly more milk in weeks 2 to 4 than healthy cows (P  
0.05; Jawor et al., 2012). Cows with subclinical hypocalcemia reduced total water trough 
visits and increased dry matter intake for two weeks postpartum (P  0.05: Jawor et al., 
2012). Determining the correct threshold for diagnosing subclinical hypocalcemia, as 
observed with hyperketonemia and metritis, requires further research and large scale 
studies to account for individual cow variation. Considering the most critical variable, 
such as milk yield, other postpartum disease risk, or dry matter intake, may allow 
researchers, producers, or veterinarians to determine how conservative subclinical disease 




Clinical hypocalcemia (milk fever) is defined by a blood serum calcium 
concentration < 5.5 mg/dL accompanied with clinical symptoms including (Oetzel, 2004; 
DeGaris and Lean, 2008), with a reported incidence of 0 to 13% in parity 2 to 6 cows 
(Reinhardt et al., 2011; Vergara et al., 2014). Cows with clinical hypocalcemia show 
symptoms of lethargy, dull appearance, cold ears, muscular weakness leading to partial or 
full paralysis within two days postpartum, decreased body temperature, ataxia and 
recumbence (Houe et al., 2001; Jawor et al., 2012). When blood ionized calcium was ≤ 
4.0 mg/dL calcium, veterinarians reported severely reduced rumen motility, appetite, 
paresis, and alertness (P  0.05; Larsen et al., 2001). Larsen et al. (2001) observed a 
0.458 correlation between increased rectal temperature and total blood calcium in cows 
diagnosed with clinical hypocalcemia (P  0.05), suggesting hypocalcemia may be 
accompanied by systemic immune response. Clinical hypocalcemia reduced immune cell 
response to stimuli causing increased risk of developing mastitis and DA (Kimura et al., 
2006; Goff, 2008). Decreased smooth muscle contraction within in the mammary gland 
and digestive tract has been associated with calcium mobilization (Kimura et al., 2006; 
Goff, 2008). This suggests that increased systemic response and increased risk of 
negative energy balance may be associated with blood calcium concentration around 
calving. 
However, research about how daily changing of blood serum calcium relates to 
individual cow systemic immune response and negative energy balance is limited. 
Although clinical hypocalcemia has been associated with increased risk of developing 
other postpartum diseases including hyperketonemia and uterine prolapse (Abb- 




understood. Additionally, the relationship between clinical hypocalcemia and reduced 
milk production in future lactations although recognized (Goff, 2008), requires further 
research. Milk production is a multi-faceted relationship, and hypocalcemia only 
explains a portion of milk production changes. 
Although blood calcium is often only measured postpartum, prepartum diet can 
play a large role in calcium availability for postpartum allocation to milk production.  
One common method to stimulate calcium mobilization is by feeding a negative dietary 
cation-anion difference (DCAD) diet during the last 21 days of the dry period (Mulligan 
et al., 2006; Goff, 2008). Traditional recommendations for a DCAD ration requires 
maintaining forage anion concentrations between -100 and -200 mEq/kg DM for a total 
DCAD diet of -130 mEq/kg DM (Mulligan et al., 2006; Martinez et al., 2018). However, 
Melendez and Poock (2017) observed that feeding a prepartum DCAD of -143 mEq/kg 
versus -53 mEq/kg did not impact plasma calcium concentrations. This suggests that 
traditional prepartum DCAD diets may include excess anionic salts. Additionally, 
although DCAD diets are typically fed for 2 to 3 weeks prepartum (Goff, 2008), feeding 
DCAD for more than 20 to 30 days increased the risk of developing clinical 
hypocalcemia by 42% (DeGaris and Lean, 2008). Therefore, future research may need to 
evaluate better prepartum feeding strategies to provide sufficient nutrients without over 
feeding expensive feed components. 
One potential prepartum supplement to improve DCAD diets may be additional 
Vitamin D. Feeding an additional 20,000 to 30,000 IU vitamin D daily 10 to 14 days 
prepartum may also help to reduce the incidence of clinical hypocalcemia (Goff, 2008). 




supplementation, reduced incidence of clinical hypocalcemia and increased pregnancy 
rate by 55%. Although subclinical hypocalcemia incidence among primiparous cows is 
low (2 %, as reported by Neves et al., 2017), feeding a DCAD diet reduced incidence of 
subclinical hypocalcemia among nulliparous cows to 0% (Martinez et al., 2018). 
However, vitamin D supplementation was not universally associated with decreased 
hypocalcemia. Weiss et al. (2015) observed vitamin D supplementation with a DCAD 
diet increased vitamin D concentration in colostrum, but did not decrease hypocalcemia 
incidence greater than DCAD alone. This may suggest that the relationship between 
DCAD diet and vitamin D are more complicated by other organic and non-organic feed 
supplements. Cohrs et al. (2018) suggested that other dietary factors including 
phosphorous may make relationship between PTH and vitamin D less clear. Cows fed a 
limited phosphorous diet had increased 1,25-dihydroxyvitamin D concentrations 
compared to cows fed a controlled diet containing 0.28% phosphorous prepartum and 
0.44% phosphorous postpartum (Cohrs et al., 2018). Further research needs to explore the 
relationship of DCAD and additional supplementation to better understand what feed 
components may be used to reduce hypocalcemia incidence. 
Postpartum, supplementing fresh cows with a calcium bolus 0 to 35 hours after 
calving may help to reduce the incidence of hypocalcemia (Oetzel and Miller, 2012). 
Providing 2 calcium boluses within the first 35 hours helped to reduce the incidence of 
hypocalcemia (Oetzel and Miller, 2012). Additionally, calcium boluses within 36 hours 
after calving may help to reduce milk loss in ≥ 2 parity cows (Oetzel and Miller, 2012) or 
≥ 3 parity cows (Jawor et al., 2012). Sampson et al. (2009) reported a tendency for higher 




boluses, and a significantly higher blood calcium 13 hours after administration of calcium 
boluses (P ≤ 0.05). This suggests that postpartum treatment with calcium bolus may be 
successful in rapidly increasing blood calcium concentration and decrease milk 
production losses later within lactation. However, like hyperketonemia, metritis, and 
mastitis, individual herd variation, ration formulation, parity distribution, and 




In utero, the placenta structure allows for the fetal cotyledons to attach to the 
maternal caruncles via villi (Beagley et al., 2010). Fetal cotyledons should detach from 
the maternal caruncles within 2 to 6 hours of calving (Goff and Horst, 1997; Sheldon et 
al., 2008). During parturition, fetal cortisol concentrations increase as dam oxytocin 
increases encouraging decreased production of progesterone and increased production of 
estrogen and prostaglandin F2α (Fuchs et al., 1999; Beagley et al., 2010). These 
hormonal changes lead to increased collagenase and eventual breakdown between fetal- 
cotyledon and maternal caruncles by increasing relaxin (Beagley et al., 2010). A RP 
occurs when the fetal cotyledons do not detach, and the fetal membrane is retained by the 
dam for more than 24 hours postpartum (Kimura et al., 2002; Drillich et al., 2003; 
Sheldon et al., 2008). Cows may also appear not alert and decrease feed intake 24 to 96 
hours postpartum (Drillich et al., 2006). 
Retained placenta is primarily attributed to immunosuppression immediately 
postpartum. Cows with RP showed decreased neutrophil function and decreased plasma 




Dervishi et al. (2016) reported elevated Interleukin-1, Interleukin-6, and Tumor necrosis 
factor 8 and 4 weeks prepartum. Qu et al. (2014) reported decreased α-Tocopherol one- 
week prepartum and one day postpartum compared to healthy cows. However, α- 
Tocopherol concentrations were not different between cows with RP and all other 
diseases (LeBlanc et al., 2002; Qu et al., 2014). This suggests that immune markers were 
associated with RP, but these markers are not specific to RP alone. Rather, α-Tocopherol 
concentration similarities between postpartum diseases may suggest that 
immunosuppression is a key contributing factor to all postpartum diseases. As an 
additional indicator of immunosuppression, Drillich et al. (2003) found that 68 and 94% 
of cows with a RP experienced pyrexia within 24 hours and 10 days postpartum, 
respectively. However, pyrexia was not always associated with RP (Sheldon et al., 
2006). This may indicate that a combination of blood variables and physiological 
changes, such as rectal temperature, may be used to predict or diagnose 
immunosuppression postpartum diseases, although they may not be specific to RP alone. 
However, other factors can influence RP incidence rate including lack of placental 
maturation, inadequate exsanguination of the fetal placental, inadequate uterine 
contractions, uterine atony, and nutritional inadequacies (Drackley, 1999b; Sheldon et al., 
2008; McNaughton and Murray, 2009). High non-esterified fatty acid (NEFA) 
concentration (≥ 0.03mEq/L) one to two weeks prepartum was associated with increased 
risk of developing a RP (LeBlanc et al., 2004; Chapinal et al., 2011; Qu et al., 2014). 
Low BCS (≤ 3.0) at calving may be a further indicator of immunosuppression and 
insufficient nutrition during the previous lactation and dry period. Cows with a 2.5 BCS 




of developing RP (P ≤ 0.05) compared to cows that did not lose BCS (Markusfeld et al., 
1997). Understanding the relationship of prepartum ration and immunosuppression will 
be critical to reducing RP incidence postpartum. 
Calving factors may also be directly associated with RP incidence (Sheldon et al., 
2008). Ghavi Hossein-Zadeh and Ardalan (2011) found that cows that calved during 
colder months were at an increased risk of developing retained placenta (P ≤ 0.05). 
Retained placenta incidence also increased with dystocia, stillbirth, abortion, clinical 
hypocalcemia, and twin birth (P < 0.05; Markusfeld et al., 1997; Ghavi Hossein-Zadeh 
and Ardalan, 2011). Despite RP simple diagnosis of retained fetal membranes for ≥ 24 
hours, RP can be a multifactorial disease that requires greater study under environmental 
conditions. Current research is extremely limited on the effects of calving within a 
compost bedded pack barn versus freestalls or tiestalls on RP incidence. Exploring the 
role of calving environment, environmental conditions, prepartum ration, and parity 
requires extensive future research, but is necessary to consider understanding RP. 
Retained placenta can have further effects on production and reproductive 
efficiency. Drackley (1999b) observed cows with RP and metritis milked 8.2 kg/day less 
than healthy cows, whereas (Dubuc et al., 2011) attributed a 2.6 kg/cow/day milk loss for 
60 days postpartum in multiparous cows with only RP (P < 0.05). This suggests that 
uterine immunosuppression may contribute to systemic immunosuppression and 
decreased milk production. Retained placenta also increased the length from calving to 
first service and days to conception (Han and Kim, 2005; Dubuc et al., 2011). Han and 
Kim (2005) reported 5.5 more days from calving to first service and 6 more days to 




increased risk of being anovular compared to cows without RP (Walsh et al., 2007a). 
Further research should explore whether cows with RP in a single lactation have an 
increased risk for RP in future lactations. 
Retained placenta incidence rate has remained consistent at 7.8% across NAHMS 
reports from 1985 to 2012 (Goff, 2006; Quiroz-Rocha et al., 2009a). However, across 
multiple experiments variation has observed RP incidence rate between 6 to 19% in all 
cows, (Kimura et al., 2002; Dubuc et al., 2010; Vergara et al., 2014). Lower incidence 
among NAHMS reports may be associated with underreporting by producers. Mordak 
and Stewart (2015) reported that producers were less likely to record RP incidence if the 
cow does not have additional negative health effects. Incidence may also be affected by 
the degree of assistance required during calving. Cows that required calving assistance 
were reported with an 80% incidence of RP versus 7% of cows that used no assistance 
(Brozos et al., 2009). Although this may suggest producer or veterinary assistance 
increases RP incidence, the 73% difference may also suggest that if someone intervenes, 
records are more recorded with RP. 
Consistent RP incidence may suggest that prevention methods employed between 
1985 and 2012 have not been effective at reducing RP incidence. Prepartum prevention 
methods have included targeting negative energy balance and immunosuppression 
prepartum to reduce the risk postpartum. Duffield et al. (2002) observed a 2.4 and 2.9% 
decrease in RP incidence when cows were treated two to four weeks prepartum with a 
control release capsule containing monensin (P < 0.05, P < 0.07, respectively). 
Monensin can help to reduce negative energy balance, but has been most effective in 




prepartum diets, may provide new opportunities to improve immune function and 
decrease immunosuppression occurring at calving (Pontes et al., 2015). Cows treated 
with 80 IU/kg DM vitamin E acetate and 0.2 ppm Se during the dry period had a lower 
incidence of RP than untreated cows (Brozos et al., 2009). Cows supplemented with an 
additional 2100 mg of vitamin E and 7 mg of sodium selenite via intramuscular injection 
tended to suffer from less incidence of RP than cows fed baseline vitamin E (Bourne et 
al., 2008). Additionally cows given vitamin E supplementation 2 weeks prepartum, also 
tended to have decreased NEFA concentrations (P = 0.055) and 11 fewer days open (P < 
0.05) compared to untreated cows (Pontes et al., 2015). This suggests that vitamin E may 
be associated with improved immune function and reduced negative energy balance, 
decreasing RP and potentially other diseases. 
Postpartum treatment including manual removal of RP or antibiotic injections to 
remove placenta are highly contentious practices. Drillich et al. (2006) found no 
difference in conception rate at first service among cows with and without a RP manually 
removed, although cows with RP manually removed used less antibiotics. Cows with RP 
manually removed showed greater bacteria presence at 3, 4 and 5 weeks postpartum 
compared to non-RP and non-manually removed cows (P < 0.05) (Bolinder et al., 1988). 
Beagley et al. (2010) suggested that results of manual removal are neutral, and therefore 
the practice remains common, despite veterinary criticism. Treatment with antibiotics 
may be no more successful at treating RP than manual removal (Drillich et al., 2003). 
Cows treated intramuscularly with ceftiofur and intrauterine with ampicillin and 
cloxacillin showed 65.7 and 68.6 % cure rates, respectively (Drillich et al., 2003). Cui et 




within 72 hours, compared to cows given traditional ceftiofur antibiotics. This work may 
suggest alternatives methods exist to treat RP; however, more research is needed to 
explore best management tools to prevent RP prepartum and treat RP postpartum. 
CONCLUSION 
 
Postpartum diseases including hyperketonemia, metritis, mastitis, hypocalcemia, 
and RP are related to negative energy balance and immunosuppression, however these 
exact relationships are not fully understood. Additionally, pre-and postpartum ration, 
environmental conditions, parity, and housing system can contribute to variations in both 
severity and incidence. Symptoms, such as pyrexia, are not associated with a singular 
disease, so visual daily monitoring may be an insufficient method to detect changes and 
diagnose diseases accurately. Monitoring variation in physiology and behavior with 
PDM may provide an additional tool to assess variation associated with disease. 
Rumination, eating, standing, and lying time, body weight, milk production, milk 
components, and somatic cell count, as measured with PDM alongside blood, milk, and 
urine variables may allow for more direct disease diagnosis. Exploring the role of PDM 
and direct observation is necessary to improve our understanding of postpartum disease 
in dairy cattle. 
Review of Literature Section 2: Heat Stress 
INTRODUCTION 
Thermoregulation is defined as the natural physiological changes an animal 
 
undergo to maintain body temperature within a comfortable range (Fuquay, 1981; 
Renaudeau et al., 2012; Nelson et al., 2016). Heat regulation can occur through heat gain 




removal, defecation, urination, respiration, sweating; Fuquay, 1981; West, 2003). Heat 
stress occurs when an animal struggles to make the physiological changes necessary to 
account for excessive heat production and inadequate of heat loss (Collier et al., 2006; 
Nelson et al., 2016). Dairy cattle can reduce the effects of environmental higher 
temperatures through evaporation, convection (transferring heat to the air), conduction 
(transferring heat through physical contact), and radiation (heat emission to the 
surrounding environment; Fuquay, 1981; Deshaver et al., 2009; Renaudeau et al., 2012). 
Conduction, convection, and radiation are most effective in cooled environments, as they 
require temperatures to be cooler than surrounding air (Fuquay, 1981; Collier et al., 
2006). At elevated temperatures, evaporative cooling may serve as one of the most 
effective means of alleviating heat stress (Berman, 2008). Evaporative cooling uses latent 
heating to convert sweat or excess water into vapor to maintain a consistent temperature 
(Collier et al., 2006). However, in environments with excess humidity, this relationship 
can be greatly modified. Throughout the day, radiation varies, with daytime temperatures 
increasing heat gain, and nighttime temperatures increasing heat loss (Fuquay, 1981; 
Nelson et al., 2016). 
One common method for determining heat stress threshold is can be reported 
through temperature humidity index (THI), the combination of air temperature and 
relative humidity (Bohmanova et al., 2007; Bernabucci et al., 2014). Relative humidity 
serves as a measurement of water vapor in air at a given temperature, and may be 
especially important in highly humid environments, like Kentucky (St-Pierre et al., 2003; 
Bohmanova et al., 2007). Temperatures ranging from 21 to 36 ºC and humidity between 




Bernabucci et al., 2014). Cows in the Southeastern United States are challenged with a 
long hot season and high humidity, increasing the risk of heat stress (West, 2003; do 
Amaral et al., 2009; do Amaral et al., 2011). Temperature humidity index tends to be 
greater than 72 between 12:00 and 17:59 hours, and lowest between 0:00 and 5:59 and 
6:00 to 11:59 for cows in the Southeast United States (Cook et al., 2007). However, this 
daily variation can make it difficult to find optimal cooling strategy to decrease cow heat 
load. 
Multiple formulas exist to calculate THI, accounting for variation in relative 
humidity around the world (Bohmanova et al., 2007). Indices placing larger emphasis on 
humidity might be more appropriate for the high humidity associated with Southeastern 
United States (St-Pierre et al., 2003; Bohmanova et al., 2007). In our research, THI = 
temperature (⁰F) - [0.55 – (0.55 × relative humidity (%)/100)] × [temperature (⁰F) – 58.8] 
(NOAA, 1976). However, St-Pierre et al. (2003) suggested that in addition to the above 
mentioned THI formula, a THI formula should calculate THI under moderate, high, and 
intense heat abatement strategies. Therefore, the change in calculated THI should be 
assessed using the listed method: (ΔTHI = -11.06 + (0.25* Temperature (ºC)) + (0.02 
*Humidity; St-Pierre et al., 2003). 
 
When THI exceeded 68, cow may attempt to thermoregulate through a few 
methods including increasing rectal temperature, respiration rate, heart rate, standing 
time, and sweating, while decreasing lying time (Cook et al., 2007; Schutz et al., 2011; 
Allen et al., 2015). Healthy primiparous and multiparous cows maintain a rectal 
temperature between 37.9 and 39.6 ºC (Wenz et al., 2011), but when heat stressed, mean 




during the afternoon (do Amaral et al., 2009; Burfeind et al., 2010). Heat stressed (THI > 
76.6) averaged 33 more breaths/min than cows that were cooled when temperatures 
exceeded 21ºC (Tao et al., 2011). Cows tended to stand longer during periods of heat 
stress potentially to increase their exposure to cooling strategies (including fans and 
sprinklers) and increased air movement (Cook et al., 2007; Schutz et al., 2011) at THI > 
72. Karimi et al. (2015) observed cows at THI ≥ 68 spent 84 minutes/d more standing 
than THI < 68. Lying time decreased from 10.9 h/d at THI of 56 to 8 h/d at THI 73.8 
(Cook et al., 2007). Cows in California spent 20.9 minutes/d less lying for each 1ºC 
increase in temperature above (Chen et al., 2016). These suggest that methods to dissipate 
body heat through physiology and changes in lying behavior. 
Modifying rumination behavior, to decrease rumen heat load provides additional 
opportunities to self-regulate cows’ temperature. High producing cows may promote 
thermoregulation through decreased rumination compared to lower producing cows 
(Tapkı and Şahin, 2006). Rumination time was negatively correlated with daily max THI 
(r = -0.41, P < 0.01) and decreased 2.1 minutes/day with each increase in daily maximum 
THI ≥ 77 (Soriani et al., 2013). Rumination time and rumination bout length was 39 
minutes/d and 6.1 minutes/d, respectively less in heat stressed cows when THI < 68 
(Karimi et al., 2015). Cows also modify their proportion of rumination throughout the 
day and night to accommodate excessive heat load that occurs during the hottest part of 
the day. Night time rumination accounted for 63.2% of total daily rumination, suggesting 
that more rumination occurred during cooler parts of the day to compensate for increased 
THI (Soriani et al., 2013). The association between heat stress threshold and changes in 




time (Soriani et al., 2013) and lying behavior (Allen et al., 2015) have been assessed 
using PDM, the relationship between heat stress, heat stress abatement, and PDM has yet 
ot be explored. 
Another potential opportunity to use PDM is to estimate milk losses associated 
with heat stress. Cows may initiate milk production changes to account for the excessive 
heat load and dissipate heat (Bernabucci et al., 2010). Rhoads et al. (2009) and Soriani et 
al. (2013) reported milk production decreased within 24 hours of cow’s exposure to a 
THI > 65 or 72 and remained significantly lower (P < 0.05) for 30 and 40 weeks post 
heat stress, respectively (do Amaral et al., 2009; Tao et al., 2011). do Amaral et al. (2009) 
and Tao et al. (2011) reported a 7.5 kg/day and 5 kg/d decreased milk production, 
respectively of cows under heat stress conditions in Florida (THI > 65) (P < 0.03), 
potentially better reflecting Kentucky conditions. However, a lesser THI may be 
associated with decreases in milk yield.  In a study considering 604 herds in 
Luxembourg, when THI ≥ 64, yearly milk production was 54 kg lower among cows, than 
those who mean THI was < 64 (Hammami et al., 2013). Similarly Gorniak et al. (2014) 
across five trials within Germany fund that milk production and DMI decreased when 
THI increased ≥ 60 Among herds in Scotland, milk production increased linearly as THI 
rose from 24 to 55, but decreased when THI was ≥ 55. These changes in milk production 
suggest that at THI ≤ 68 cows may be experiencing heat stress. 
HEAT STRESS ABATEMENT 
 
As THI increases, the need for heat abatement strategies also increase. To 
address all methods of thermoregulation, multiple strategies can be employed for cow 




foggers), direct cooling (showers), or sprinklers; and conductive cooling individually and 
in combination. Notably, fans as a heat stress abatement tool is often included in studies 
evaluating shade or evaporative cooling, and will therefore be included in those sections. 
Determining how heat abatement strategies interact within an environment and herd is 
critically important to reducing physiological and behavioral changes associated with 
heat stress (Legrand et al., 2009). 
Shade 
 
Shade has been a common strategy employed to reduce radiation directly on cows 
within a barn. Collier et al. (2006) observed a 30 to 50% reduction in solar radiation 
under well-designed shade structures. Shade alone reduced rectal temperatures, milk 
production loss, and respiration rates (Collier et al., 2006; Schutz et al., 2010). Schutz et 
al. (2010) reported 11 less breaths per minutes in cows under 9.6 m2 /cow shade 
compared to cows under no shade. Cows under shade alone 90 minutes before PM 
milking (during greatest daily THI) had lower SCC than under sprinklers or sprinklers 
plus fans (Kendall et al., 2007). However, to increase cooling effectiveness without 
additional water-cooling, Schutz et al. (2011) suggested that air movement caused by 
natural conditions in combination with the shade may play the largest role in encouraging 
cows to visit the shaded side. For cows that do not prefer sprinklers or misters directly on 
their body may also prefer shade alone. Among cows allowed to choose between 
sprinklers, shade, or ambient conditions, 62% to 65% chose shade, with cow shade 
preference increasing by 12% with each 1ºC increase in temperature (Schutz et al., 2011). 
However, the preference for shade alone decreased by 1.5% with every 1% increase in 




regardless of temperature. However, cow’s choice did not always agree with milk 
production or physiology. 
Evaporative and Direct Cooling 
 
Evaporative cooling uses misters or fogging to create droplets of a particular 
mean size and distribution, as determined by the pressure and nozzle type (Berman, 2008; 
Chen et al., 2015). Direct cooling uses repeated drenches to wet an animal’s coat, but as 
length of drench increases, the particle size decreases. Thus, flow rate plays a larger role 
than droplet size in reducing heat stress (Chen et al., 2015). In order for direct cooling to 
be effective, there must be continuous airflow through the housing unit (Berman, 2008). 
All methods of water-cooling must be closely monitored in areas with humidity, as 
additional water added to the environment can increase the humidity and consequently 
the THI (St-Pierre et al., 2003; Chen et al., 2015).  Further, specific water parameters 
may be directly related to the effectiveness of cooling including drop size, landing angle, 
and water intervals (Kendall et al., 2007; Schutz et al., 2011; Chen et al., 2013). 
Although water alone reduced cow body temperature, adding airflow over the 
cooled surface could increase cow cooling more than water or air movement alone 
(Berman, 2008) (Berman, 2008). Skin and hair wetted with water were 1.5 to 2.1C 
cooler than dry skin, but returned to the dry temperature within 15 minutes (Berman, 
2008). The results indicated that using air and water might help to reduce heat stress 
symptoms for longer than air alone (Berman, 2008). Cows exposed to sprinklers 
decreased respiration rate 38% versus 17% under shade alone (Schutz et al., 2011). 
Sprinkler flow rates of 1.3 to 4.5 L/min reduced respiration rate by 9 to 13 breaths per 




Chen et al., 2015). Cows under showers reduced body temperature by 0.2 to 0.6 ºC 
between 14:00 to 15:00 and 17:00 to 22:00, suggesting cows may attempt to use the 
water-cooling systems during the hottest parts of the day (Legrand et al., 2009; Chen et 
al., 2016). This also indicates that cooling via evaporative cooling may have greater 
effects on decreasing the effects of heat stress on physiology. Cows exposed to fans, 
sprinklers and shade versus cows just exposed to shade, had an increased milk production 
of 1.4kg/day over the first 60 DIM (Urdaz et al., 2006). However, Urdaz et al., (2006), 
Chen et al. (2013), and Chen et al., 2015 was recorded in California, an environment with 
low humidity. Among cows in New Zealand, in an environment of high heat and 
humidity, no significant differences were observed between body temperature, milk 
yield, or milk components in cows under shade, sprinklers, or shade plus sprinklers 
(Kendall et al., 2007). This suggests environment plays a critical role in optimal heat 
abatement strategy and must be considered when attempting to reduce physiological and 
behavioral changes associated with heat stress. 
Conductive Cooling 
 
Although little research has been conducted regarding conductive cooling, 
conductive cooling (cooled water flowing through a waterbed) demonstrated similar 
benefits to fans and sprinklers. Rectal temperature decreased by 0.7 and 1.0 ºC when 
using 10 ºC and 4.5 ºC water, respectively (Perano et al., 2015). Ortiz et al. (2015) 
reported a lower bed temperature and bed surface temperature when conductive cooling 
was used with sand compared to dry recycled material without conductive cooling. 
Consequently, cows with cooled sand beds under humid conditions showed 0.3 ºC lower 




over 100 minutes more time lying per day (Ortiz et al., 2015). Respiration rate in cows 
exposed to conductive cooling significantly decreased by 10 to 18 breaths/minutes (Ortiz 
et al., 2015; Perano et al., 2015). 
CONCLUSION 
 
Despite increased research surrounding heat stress in multiple environments, our 
understanding of heat stress is limited. Environmental conditions, such as humidity and 
temperature can greatly affect physiology, behavior, milk production, and optimal heat 
abatement strategy employed to reduce modifications. Kendall et al. (2007) reported a 
0.9, 1.9, and 2.6 ºC cooler THI under fans alone, sprinklers alone, and fans plus 
sprinklers, respectively, however humidity increased by 4.3, 9.0, and 15.8% in shade 
alone, sprinklers alone, and fans plus sprinklers, respectively.  This suggests that in 
higher humidity environments, such as Kentucky, cooling with water may increase 
humidity, and consequently THI, increasing cows’ heat load. Additionally, unlike 
treatment protocols, heat stressed cows’ can show their preference for particular heat 
abatement strategies. When able to avoid direct spray, either by putting their head 
through headlocks (Chen et al., 2013), ducking their head (Kendall et al., 2007), or 
turning around, cows showed greater standing preference for sprinklers. Cows lowered 
their heads or put their heads outside of the structure 23 and 66% of the time, 
respectively, when exposed to sprinklers (Schutz et al., 2011). Determining the 
relationship between environment, cooling strategy, and cow preference must be explored 
in future research to improve heat stress management strategies and prevent 






The overarching goal of this thesis is to explore the role of precision dairy 
monitoring technology (PDM) in assessing two major yearly stress events: postpartum 
disease associated with the transition period and heat stress. Precision dairy monitoring 
technologies will include three accelerometers located on the left front, right rear, and 
right rear legs, an accelerometers on each ear, and a reticulorumen bolus. To protect 
privacy of each company, technologies will be assigned and labeled as A to H using a 
random number generator. Technology A was a bolus located in the reticulorumen which 
measured temperature continuously. Technology B was attached to the pinna of the left 
ear and measured rumination time, eating time, time not active, and time active in 
minutes per day continuously. Technology C was an in-line milking system that 
measured milk yield, fat %, protein % (which was further converted to a fat to protein 
ratio), lactose %, milking time, and conductivity at each milking. Technology D was 
attached to the pinna of the right ear and measured rumination time, lying time, time not 
active, and time active in 15 minute intervals.  Technology E was attached to the left 
front leg and measured steps, walking time, standing time, lying time, and lying to 
standing bouts every minute. Technology F was attached to the right rear leg and 
measured activity, rest time, and rest bouts every minute. Technology G was a body 
weight scale located in the exit alley after the parlor, so that all cows received a body 
weight after every milking. Technology H was attached to the right front leg and 
measured activity, visits to the feedbunk, time at the feedbunk, lying time, and lying 




Precision dairy monitoring technology may useful in detecting changes in 
behavior and physiology associated with postpartum diseases during the transition period. 
Previous research conducted at the University of Kentucky, has determined the 
association between postpartum disease and PDM (Sterrett, 2014; Tsai, 2017). Sterrett 
(2014) explored detecting disease incidence using a combination of PDM and visual 
monitoring including dehydration, body condition, locomotion, and manure scoring. 
However, this research did not assess if visual observation, including body condition and 
locomotion scoring alone could be used to diagnose disease. Therefore, our first 
objective (Chapter 2), is to evaluate the role of visual monitoring alone as a means of 
diagnosing hyperketonemia, mastitis, metritis, and hypocalcemia. We further hope to 
determine if monitoring for a single disease, such as hyperketonemia, can increase the 
likelihood a producer will be able to diagnose a secondary disease, such as hypocalcemia, 
simply from measuring BHBA and visual assessment. This proposed objective (Chapter 
3) could provide useful suggestions to producers learning how to effectively assess 
postpartum disease incidence during the transition period via a cost-effective method. 
Tsai (2017) expanded the research of Sterrett (2014) by focusing on postpartum 
diseases via cow assessment on 4 days postpartum (3, 7, 14, and 21), as a means to 
predict postpartum disease. Rather than directly detecting diseases compared to PDM, 
Tsai (2017) used modeling to generate predictive alerts based on PDM data obtained 
from 4 weeks before expected calving to 3 weeks postpartum. The work presented in this 
thesis builds on Tsai (2017) and Sterrett (2014) in 3 major ways. First, cows were 
visually assessed 14 days before expected calving to evaluate for hypocalcemia and 




disease (Oetzel, 2004; Chapinal et al., 2011). Second, cows were assessed with a greater 
frequency prepartum and postpartum to allow for disease diagnosis on first day of 
occurrence, rather than within a window of 3 to 7 days. Third, collecting data prepartum 
and collecting milk samples postpartum allowed us to develop predictive models for 
retained placenta and mastitis, respectively. Therefore, this research may help to expand 
understanding surrounding how deviations in physiology and behavior prepartum, as 
recognized by PDM, can help to predict postpartum disease. 
Secondly, little research has explored detecting changes in rumination, feeding, 
and lying time under heat stress, and no research has used multiple technologies 
simultaneously to assess these deviations. Although heat stress varies throughout the 
United States and globally, Kentucky is geographically located in a unique location, 
experiencing both moderately high heat and high humidity (West, 2003). Few studies 
have assessed moderately high heat and high humidity on dairy cow behavior, 
production, and physiology (do Amaral et al., 2009; Tao et al., 2011). Among these, 
behavior and physiology were not monitored through PDM, suggesting a need to conduct 
heat stress research in these environmental conditions. Therefore, our third objective 
(Appendix) is to provide research addressing these two major literature gaps: (1) using 
PDM to monitor deviations associated with heat stress among lactating cows and (2) 
evaluating how moderately high heat and high humidity can lead to modifications in 
dairy cattle behavior, production, and physiology as assessed by PDM. 
Together these 3 research objectives will help to fill in major gaps within the 
current literature and expand understanding of the role PDM can play in detecting heat 




opportunity to evaluate the role PDM can play for producers in their daily management of 
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Physical examinations may serve a critical role in assessing subclinical diseases in 
dairy cattle. This observational study’s objective was to investigate the association 
between physiological indicators of disease and physical exams during the transition 
period. Cows were evaluated from 2 weeks before expected calving to 3 weeks after 
calving for β-hydroxybutyrate (BHB), calcium, glucose, and non-esterified fatty acids 
(NEFA) concentrations, vaginal discharge, urine pH, body condition score (BCS), 
appearance changes (depression, droopiness, weakness, and ataxia), locomotion, 
dehydration, and manure. Parity, calving ease, and calf sex were included as coeffects 
within all models. Two models were developed to better evaluate diagnosis d.  In model 
1, if a cow was diagnosed with a subclinical disease between 2 weeks prepartum to 3 
weeks postpartum, a cow was considered positive for the entire fresh period. In model 2, 
cows were considered positive for subclinical disease from d of diagnosis through 21 d in 
milk (DIM). The GENMOD procedure (SAS 9.4, Cary, NC, USA) was used to evaluate 
the univariable and multivariable relationships between evaluative variables before 
disease diagnosis and incidence of hyperketonemia, metritis, mastitis, hypocalcemia, 
retained placenta (RP), and presence of single disease. The MIXED procedure (SAS 9.4., 
Cary, NC, USA) was used to analyze the univariable and multivariable effects of all 
evaluated variables on BHB and calcium concentrations, with ignificance was established 
at P ≤ 0.05. Subclinical hyperketonemia (37%), metritis (59%), subclinical mastitis 
(32%), and RP (12%) disease incidence were approximately equivalent to expected 




subclinical hypocalcemia prevalence was 88%. Appearance changes were associated 
with disease, hyperketonemia, metritis, mastitis, and hypocalcemia, however model type 
dictated when appearance was associated with each disease. Locomotion was associated 
with hyperketonemia, regardless of model used. Glucose, BHB, and NEFA was 
associated with negative energy balance observed with hyperketonemia and metritis 
across multiple models. Model 1 found an association between metritis and mastitis, 
suggesting immunosuppression. Evaluative methods included in physical examinations 
were associated with disease incidence. Physical examinations may provide important 
information associated with diseases, such as hyperketonemia, metritis, mastitis, 
hypocalcemia, and RP. 
INTRODUCTION 
 
The transition period in dairy cattle is typically defined as the 3 weeks preceding 
and following parturition, during which dairy cows undergo high stress (Drackley, 
1999a). After parturition, cows must alter their energy allocation to meet the demands of 
maintenance and milk production (Grummer et al., 2004; Mulligan and Doherty, 2008; 
LeBlanc, 2010). When energy is insufficient to meet postpartum demands, cows enter 
negative energy balance (NEB) resulting in excessive fat mobilization, increased risk of 
postpartum disease development, and infertility (Ingvartsen, 2006; Mulligan and Doherty, 
2008). Common postpartum diseases around parturition include, hyperketonemia, 
metritis, mastitis, hypocalcemia, retained placenta (RP), and displaced abomasum (DA) 
(Mulligan and Doherty, 2008; LeBlanc, 2010). Distinguishing which disease a cow 




Subclinical disease is defined by the absence of clinical symptoms, but elevated 
blood, milk, or urine BHB concentration (hyperketonemia), decreased calcium 
concentrations (hypocalcemia) or abnormal discharge (metritis; Reinhardt et al., 2011; 
McArt et al., 2012). Prevalence of subclinical hyperketonemia was 20% (Dubuc and 
Buczinski, 2018), metritis was 40% (Giuliodori et al., 2013), subclinical mastitis was 
27% (Pinedo et al., 2012), RP was 11% (Vergara et al., 2014), and subclinical 
hypocalcemia 25 to 54% (Reinhardt et al., 2011). Postpartum diseases, especially 
subclinical diseases, rarely occur in isolation (Walsh et al., 2007a; Mulligan and Doherty, 
2008). Total subclinical disease can be costly due to reduced milk production, treatment 
and veterinary costs, labor costs, discarded milk, culling, extended d open, and death 
(Geishauser et al., 1998; Halasa et al., 2007). Monitoring variation in cow physiology 
and behavior during the transition period can help producers to recognize disease and 
reduce associated costs. 
Establishing a daily or weekly routine that includes assessment of cow appearance 
changes and appetite may help to detect abnormal rumination, DA, and hyperketonemia 
(LeBlanc, 2010). Behavioral and appearance changes including depression, droopiness, 
weakness, and ataxia have been associated with RP and multiple postpartum diseases 
(Kasari and Naylor, 1986; Bolinder et al., 1988; Drillich et al., 2006). Among cows 
diagnosed with RP and subsequent metritis, physical examinations including appearance 
(alert or depressed), behavior (normal or abnormal), gait (normal or abnormal), and 
abnormal feces were associated with each disease (Dann et al., 2005). LeBlanc (2010) 
additionally suggested metritis can be diagnosed by fever, abnormal vaginal discharge, 




assessment and body condition score (BCS) may be associated with subclinical 
hyperketonemia (Suthar et al., 2013; Berge and Vertenten, 2014). The objective of this 
study was to investigate the association between physical examinations and postpartum 
disease development, also to determine evaluative variables associated with disease 
during the transition period and specific illness, such as hyperketonemia, metritis, 
mastitis, hypocalcemia, and RP. 
MATERIALS AND METHODS 
 
The study was conducted under IACUC protocol number 2016-2368 at the 
University of Kentucky Coldstream Dairy from July 1, 2016 to May 29, 2017. Holstein 
cows from a single herd were enrolled one month before parturition through 21 days in 
milk (DIM) (Parity ± SD: 1.82 ± 1.31, 1 parity N = 59, 2 parity N = 20, ≥ 3 parity N = 
21). About one month (21 ± 10 days) before calving, cows were moved from a far off 
dry pen and pasture to a close up dry pen in the compost bedded pack barn (163.2 m2). 
Cows were moved to a fresh cow pen (236.19 m2) from parturition to 70 DIM. Cows 
were removed from the study if they died or were culled from the herd before 21 DIM (n 
= 3). Cows were housed in a compost bedded pack barn tilled twice daily using a 
rototiller, and bedded with sawdust as needed. A total mixed ration (TMR) containing 
corn silage, alfalfa hay, concentrate mix, alfalfa silage, and whole cottonseed was fed 
twice daily to fresh cows (between 6:00 to 9:30 and 12:30 to 15:00). Dry cows received 
TMR containing corn silage, dry hay, whole cottonseed and a concentrate mix between 
the same times. Feed types and nutritional evaluation are descriptively shown in Table 
2.1. Dietary cation-anion difference (DCAD) diet ranged from 1.87 to 3.92 throughout 




times per day by an automated feed pusher (Lely Juno, Lely Robots, Masslius, the 
Netherlands). Cows were given unlimited access to fresh water in their barn via 265 L, 
automatic filling waterer (0.5969 m width, 3.66 m length, 0.61 m height; J&D 
Manufacturing, Eau Claire, WI, USA). Cows were milked twice daily (4:30 to 5:30) and 
(15:30 to 16:30) in a double 2 X 2 tandem-milking parlor. Cows were fore-stripped, pre- 
dipped, dried off, and post-dipped at each milking. 
Study sample collection days for disease diagnosis and physical examinations are 
shown in Table 2.2 for all diseases and physical examinations. Briefly, A blood sample 
was collected from the coccygeal vein at 14 ± 3 and 7 ± 1 d before predicted calving, 
considering a 281 d gestational length, and 1, 2, 3, 4, 5, 6, 7, 10, 14, and 21 d postpartum 
between 6 and 10 AM. Calcium and non-esterified fatty acid (NEFA) samples were 
collected via coccygeal vein about 7.6 to 15.2 cm from the base of the tail into 10 mL 
Lithium Heparin Collection tubes and Venous Blood Collection tubes (BD Vacutainer, 
Franklin Lakes, NJ, USA), respectively. Both blood tubes were collected and stored for 
< 30 minutes at room temperature. Blood was spun for 15 minutes at 5000 rpm 
(IECCentra-HN, Thermo Fischer Scientific, Waltham, MA, USA). Samples were then 
stored in a 1.5 mL micro-centrifuge container and stored at -40 ºF until later analysis. 
Calcium samples were analyzed using colorimetric spectrophotometry (University of 
Illinois Veterinary Diagnostic Lab Champaign, Illinois, USA). Non-esterified fatty acids 
were evaluated using a handheld colorimeter (Vet Photometer DP 700, Diaglobal, Berlin, 
Germany; following Tsai et al., 2017). System evaluated NEFA between 1.77 and 354 
mg/dL by measuring absorption at 520 nm with inaccuracy < 0.5%. Glucose and BHB 




a 1 mL syringe. Whole blood BHB and glucose concentration were analyzed via cowside 
monitors (BHBCheck, PortaCheck, Moorestown NJ, USA) and (Precision Xtra, Abbott 
Laboratories, Abbott Park, Illinois, USA), respectively. Cows with a whole blood BHB 
concentration ≥ 6.97 mg/dL on 1 or more d were considered positive for hyperketonemia 
(Mulligan et al., 2006; Suthar et al., 2013).  On d 14 ± 3 and 7 ± 1 before expected 
calving date, urine was collected via manual stimulation of the escutcheon and analyzed 
for urine pH within 30 minutes of collection using laboratory benchtop pH meter (Fischer 
Scientific, Hampton, New Hampshire, USA). 
Cows were visually examined for clinical mastitis by criteria of watery, 
thickened, and discolored milk; milk containing blood, pus, flakes, or clots; edema, 
erythema; or pain in the associated quarter (Royster and Wagner, 2015), during AM and 
PM milking between 1 and 21 DIM, by trained milkers (n = 10). A single farm manager 
using a consistent training protocol and bi-yearly refreshers trained milkers. During 2 
separate AM milkings between days 2 to 6 (collection 1) and days 7 to 11 (collection 2), 
quarter milk samples were aseptically collected into a 90mL non-sterile polypropylene 
flip-top vial. Teat ends were pre-dipped, dried with individual towels, and cleaned with 
70% isopropyl alcohol swabs, as described by Hogan et al., 1999. Somatic cell count 
was analyzed via flow cytometry (Bentley FTS, Bentley Instruments Inc., Chaska, MN, 
USA). 
Appearance, vaginal discharge, dehydration, and manure were checked on 1, 3, 5, 
7, 9, 11, 13, 15, 17, 19 and 21 postpartum between 6 and 10 AM, as described in Table 
2.3. A single observer trained all individuals involved in collecting data (n = 3) across 8 




visual aids. Appearance was assessed on a 1 to 4 scale indicating no systemic symptoms 
of illness to extreme depression and signs of systemic illness. Vaginal discharge was 
collected via insertion and removal of device (Metricheck, Simcro Tech Ltd, Hamilton, 
New Zealand) for assessment of discharge color and consistency. The device was 
validated by Pleticha et al. (2009). Discharge was evaluated on a 1 to 3 scale using a 
scale modified from Sheldon et al. (2006), with a score ≥ 2 on 1 or more d considered 
positive for metritis. Score 1 represented clear viscous discharge, score 2 represented 
off-white, viscous, mucopurulent discharge, and score 3 represented watery, red, odorous 
discharge. 
Dehydration was evaluated by pinching the skin on the neck of the cow and 
releasing. Time until the skin returned to starting position was counted in s. A cow was 
considered dehydrated if the skin returned to the resting position in ≥ 2 s (Sørensen and 
Fraser, 2010). Manure consistency was evaluated on a 1 to 5 scale with 1 representing 
watery and thin feces, and 5 representing thick, stiff, ball-like feces (Zaaijer and 
Noordhuizen, 2003). A score of 3 was considered normal. Weekly, BCS and locomotion 
were recorded 14 ± 3 and 7 ± 1 d before predicted calving, based on Dairy Herd 
Information Association records, based on day of breeding, and on d 1, 7, 14, and 21 
postpartum. Body condition was scored from 1.0 to 5.0 in 0.25 increments (Ferguson et 
al., 1994) indicating extremely skinny to extremely fat and locomotion was scored on a 1 
to 3 scale indicating no lameness to severe lameness (Schlageter-Tello et al., 2014). 







Thresholds for positive disease diagnosis were established at subclinical values. 
 
Cows with a whole blood BHB concentration ≥ 6.97 mg/dL for 1 or more d were 
considered positive for hyperketonemia (Mulligan et al., 2006; Suthar et al., 2013). 
Metritis was diagnosed by a vaginal discharge score ≥ 2 on 1 or more d (Sheldon et al., 
2006). All final quarter SCC were converted to SCS as determined by Ali and Shook 
(1980, SCS= (log2SCC/100,000) +3) for further data analysis. If SCC was ≤ 18,000 
cells/mL (SCS < 0), cow SCS was recorded as 0 to indicate the lowest possible SCS. 
Cows with SCS ≥ 4 in one or more quarters during collection 2 (days 7 to 11) were 
considered positive for mastitis. Incidence of clinical mastitis was < 3%. Hypocalcemia 
was diagnosed by a blood plasma concentration ≤ 8.60 mg/dL (Martinez et al., 2012) as 
analyzed by spectrophotometry at the University of Illinois Veterinary Diagnostic Lab. 
Retained placenta was recorded if fetal membranes were retained for > 24 hours (Sheldon 
et al., 2006). Because multiple diseases are common within the transition period, cows 
were also classified as having 0, 1, 2, or ≥ 3 diseases during the entire test period (disease 
number). For example, a cow diagnosed with hypocalcemia and hyperketonemia were 
classified with a disease number of 2, regardless of day of diagnosis. 
Statistical analysis 
 
Multiple models were developed to analyze physical examination variables’ effect 
on a binomial and multinomial distribution of disease number considering cows sick for 
the entire transition period and only following disease diagnosis. The UNIVARIATE 
procedure of SAS (Version 9.4, SAS Institute Inc., Cary, NC, USA) was used to classify 




distribution of normal or abnormal based on pre-reported scales. Parity was summarized 
as 1 and ≥ 2 parities (N = 59 and N = 41), respectively. The UNIVARIATE procedure of 
SAS was used to classify BCS in a multinomial distribution: < 3.0 (category 1: thin), 3.0 
to 3.25 (category 2: moderate), 3.5 to 3.75 (category 3: over conditioned), and ≥ 4.0 
(category 4: greatly over conditioned). The CORR procedure of SAS was used to check 
for correlations between all variables. If r  0.30 (P < 0.05) then variables were 
considered moderately correlated and the most significant variable was considered a 
potential main effect in the model. For example, SCS in the left front quarter (SCSLF) 
and left rear quarter (SCSLR) were moderately correlated (r = 0.43, P < 0.05). 
Therefore, whichever quarter was more significant (P < 0.10) in the individual variable 
model was retained in the final model as a main effect. The FREQUENCY procedure of 
SAS was used to summarize disease frequency (Table 2.3) and day of diagnosis (Figure 
2.1). 
Logistical Regression: Without Blood Concentrations And Urine pH, And Not 
Considering Day of Diagnosis. 
A logistical regression model (GENMOD procedure of SAS 9.4) was used to 
evaluate appearance, dehydration, manure, locomotion, calving ease, and calf sex on 
disease number (0, 1, 2, or 3), hyperketonemia, metritis, hypocalcemia, mastitis, and RP. 
Evaluative variables were considered across all collection days so that if a cow was 
diagnosed with hyperketonemia, metritis, hypocalcemia, mastitis, or RP, the cow was 
considered positive for the entire transition period. Regardless of significance, parity 
(primiparous or multiparous) was retained in all models. All significant effects (P < 




GENMOD procedure of SAS 9.4. Main effects in the multivariate model were retained 
regardless of significance. Stepwise backwards elimination was used to remove two-way 
interactions until all remaining interactions were significant (P < 0.05). 
 
 
Logistical Regression: With Blood Concentrations And Urine pH, And Not 
Considering Day of Diagnosis. 
In order to consider whole blood concentration of glucose and BHB, blood serum 
NEFA, and plasma calcium, a second group of models was developed. A logistical 
regression model (GENMOD procedure of SAS 9.4) was used to evaluate appearance, 
dehydration, manure, locomotion, calving ease, calf sex, serum NEFA concentration, 
plasma calcium concentration, whole blood glucose and BHB, and urine pH on disease 
number (0, 1, 2, or 3) considering hyperketonemia, metritis, hypocalcemia, mastitis or 
RP. Evaluative variables were considered across all collection days so that if a cow was 
diagnosed with hyperketonemia, metritis, hypocalcemia, mastitis, or RP, the cow was 
considered positive for the entire transition period. 
Diagnostic variable used to determine disease number was removed from model 
of disease. For example, whole blood BHB was not included in the model to diagnose 
hyperketonemia. In the hyperketonemia model, plasma calcium, vaginal discharge score, 
subclinical mastitis, and RP were included in the analysis variables. In the metritis 
model, plasma calcium, whole blood BHB, quarter SCS, and RP were included among 
the analysis variables. In the mastitis model, plasma calcium, whole blood BHB, vaginal 
discharge score, and RP were included among the analysis variables. In the 




were included among the analysis variables. In the RP model, whole blood BHB, quarter 
SCS, calcium plasma blood concentration, and vaginal discharge were included among 
the analysis variables. Regardless of significance, parity (primiparous or multiparous) 
was retained in all models. All significant effects (P < 0.10) and 2 way interactions were 
analyzed in a multivariate model using the GENMOD procedure of SAS. Main effects in 
the multivariate model were retained regardless of significance. Stepwise backwards 
elimination was used to remove two-way interactions until all remaining interactions 
were significant (P < 0.05). 
Logistical Regression: Considering Day of Diagnosis Without Blood Concentrations 
and Urine pH. 
To better assess how physical examination variables related to day of diagnosis, 
linear regression (the GENMOD procedure of SAS) was used to evaluate appearance, 
dehydration score, manure score, locomotion score, calving ease, and calf sex on 
hyperketonemia, metritis, mastitis, and hypocalcemia considering day of diagnosis. 
Evaluative variables were considered on all days preceding day of diagnosis so that if 
hyperketonemia was diagnosed on day 10, evaluative variables were considered before 
day 10. Regardless of significance, parity (primiparous or multiparous) was retained in 
all models. All significant effects (P < 0.10) and 2 way interactions were analyzed in the 
multivariate model using the GENMOD procedure of SAS. Main effects in the 
multivariate model were retained regardless of significance. Stepwise backwards 
elimination was used to remove two-way interactions until all remaining interactions 




Logistical Regression: With Blood Concentrations And Urine pH And Considering 
Day of Diagnosis. 
To better assess how physical examination variables related to day of diagnosis, 
linear regression (the GENMOD procedure of SAS) was used to evaluate appearance, 
dehydration score, manure score, locomotion score, calving ease, calf sex, blood serum 
NEFA, whole blood glucose, and urine pH on hyperketonemia, metritis, mastitis, and 
hypocalcemia. In the hyperketonemia model, plasma calcium, vaginal discharge score, 
quarter SCS, and RP were included among the analysis variables. In the metritis model, 
plasma calcium, whole blood BHB, quarter SCS, and RP were included among the 
analysis variables. In the mastitis model, plasma calcium, whole blood BHB, vaginal 
discharge score, and RP were included among the analysis variables. In the 
hypocalcemia model, whole blood BHB, vaginal discharge score, RP, and quarter SCS 
were included among the analysis variables. Evaluative variables were considered on all 
days preceding day of diagnosis so that if hyperketonemia was diagnosed on day 10, 
evaluative variables were considered before day 10. Regardless of significance, parity 
(primiparous or multiparous) was retained in all models.  All significant effects (P < 
0.10) and 2 way interactions were analyzed in the multivariate model using the 
GENMOD procedure of SAS. Main effects in the multivariate model were retained 
regardless of significance. Stepwise backwards elimination was used to remove two-way 
interactions until all remaining interactions were significant. 





The MIXED procedure of SAS 9.4 was used to evaluate BHB and calcium using 
two models: without and with blood and urine variables. In the models without blood 
and urine variables, appearance, dehydration score, manure score, locomotion, calving 
ease, and calf sex were analyzed for effects on BHB and calcium. In the models with 
blood and urine variables, appearance, dehydration score, manure score, locomotion, 
calving ease, calf sex, NEFA, glucose, vaginal discharge score, RP, and quarter SCS 
were analyzed for the effects on BHB and calcium. Regardless of significance, parity 
(primiparous or multiparous) was retained in all models. All significant effects (P < 
0.10) and 2 way interactions were analyzed in the multivariate model using the MIXED 
procedure of SAS. Main effects in the multivariate model were retained regardless of 
significance. Stepwise backwards elimination was used to remove two-way interactions 
until all remaining interactions were significant (P < 0.05). 




Overall and by parity disease prevalence is shown in Table 2.4. Incidence of 
twins and stillbirths across primiparous (N = 59) and multiparous (N = 41) were 5 and 
3%, respectively. One multiparous cows had no disease during the transition period. 
Cows were evaluated weekly in the 2 weeks before expected calving, daily from days 1 
to 7, every other day from 7 to 11, daily from days 13 to 15, and every other day from 15 
to 21 postpartum. No subclinical disease diagnosis (n = 1) suggests intensive monitoring 
and subclinical disease thresholds, as described above, may be contributing factors to 
high disease prevalence. In total, 19% (n = 19), 26% (n = 26), and 54% (n = 54) of cows 




attributed to monitoring frequency through 21 DIM. Tsai (2017) observed of 138 cows, 
77% were diagnosed with 2 or 3 diseases, without considering mastitis or RP, despite 
only monitoring cows 4 times between days 3 and 21 postpartum. However, it was noted 
that subclinical disease incidence may have been missed due to infrequent sampling 
(Tsai, 2017). Tsai (2017) also only reported maximum daily incidence of hyperketonemia 
and hypocalcemia at 20 and 54%, respectively. Both this study and Tsai (2017) were 
conducted on the same herd between 2014 and 2017. Between these two studies, 
however, cows were transitioned from a freestall barn (erected in the 1970’s) to a 
compost bedded pack barn (erected in 2016). Thus herd prevalence rates between studies 
should be approximately equivalent. 
Individual disease models may not fully emphasize the risk of developing 
secondary or tertiary disease incidences, as postpartum diseases rarely occur in isolation 
(Walsh et al., 2007b; McArt et al., 2012). Cows stressed by NEB and 
immunosuppression show greater risk of developing ≥ 1 transition cow diseases within 
21 days of calving (Ingvartsen, 2006; Walsh et al., 2007a). For example, subclinical 
hypocalcemia can reduce rumen motility leading to an increased risk of developing 
hyperketonemia and mastitis (Kimura et al., 2006; Reinhardt et al., 2011). In this study, 
63% (n = 26) of multiparous cows were diagnosed with ≥ 3 diseases, whereas only 48% 
(n = 28) of primiparous cows were diagnosed with ≥ 3 diseases. This 16% difference 
between primiparous and multiparous cows in this study is reflective of the increased risk 
for multiple diseases among multiparous cows, as suggested by McArt et al. (2013) and 






Observed subclinical hyperketonemia prevalence was 23.7% (n = 14) and 56.1 (n 
 
= 23) within our research. However, across multiple studies collected worldwide, 
hyperketonemia prevalence ranged from 20% to 40% (Brunner et al., 2018; Dubuc and 
Buczinski, 2018). Subclinical hyperketonemia prevalence observed may be further 
related to rapid changes in BCS around calving. In our study, mean BCS at 2 weeks 
before calving was 3.61 ± 0.46, but dropped to 3.1 ± 0.44 at 21 days post-calving. 
Similarly, McArt et al. (2013) observed cows with a BCS greater than median compared 
to median BCS on 2 dairy farms had a 1.2 (CI: 1.1 to 1.5, P = 0.003) increased risk of 
developing hyperketonemia. In our study, hyperketonemia diagnosis was greatest at 3, 
10, and 14 DIM in multiparous cows (Figure 1). McArt et al. (2013) observed among 
cows later diagnosed with a DA, 91.7% tested positive for subclinical hyperketonemia 
between 3 and 5 DIM, and 8.3% tested positive on day 6. Negative energy balance was 
further indicated by mean concentrations of whole blood glucose, mean concentrations of 
whole blood BHB, and serum NEFA around parturition. Cows had significantly greater 
glucose concentration prepartum (mean ± sd: 1207.2 ± 12.6 mg/dL) than postpartum 
(987.4 ± 19.8 mg/dL). At parturition, glucose is re-allocated to lactogenesis, requiring 
cows to undergo rapid gluconeogenesis to meet lactose needs (Gordon et al., 2013). 
Non-esterified fatty acid parturition increased from prepartum (mean ± sd: 33.6 ± 3.5 
mg/dL) to postpartum (54.7 ± 4.6 mg/dL,). Both BHB and NEFA can indicate partial 
oxidization of ketone by the liver (Enjalbert et al., 2001; Grummer et al., 2004; 
Grummer, 2008). Excess mobilization of fatty acids attributed to NEB, can increase 




the elevated NEFA postpartum observed. This suggests that cows experienced NEB 
from 2 weeks before calving to 3 weeks post-calving, explaining elevated 
hyperketonemia prevalence observed within the study. 
Metritis 
 
Subclinical metritis incidence was 59% in both primiparous and multiparous cows 
(Table 2.4), agreeing with research from Huzzey et al. (2007) which observed mild 
metritis impacted 56 to 58% multiparous cows. Sannmann et al. (2013) reported a higher 
prevalence among primiparous cows at 61%, versus 33.6% of multiparous cows, 
suggesting normal incidence among primiparous cows. However, other research has 
suggested prevalence may be closer to 21 to 30% (Hammon et al., 2006; Benzaquen et 
al., 2007; Giuliodori et al., 2013). Metritis is commonly assessed via transrectal 
examination or palpation, although, alternative methods are viewed as simpler and more 
convenient (Pleticha et al., 2009). In a single study evaluating Metricheck, cows 
diagnosed with clinical endometritis score was significantly greater among cows 
examined with a Metricheck device, compared to gloved hand or speculum (Pleticha et 
al., 2009). Metritis evaluation method may provide some explanation of the incidence 
rate, however, data collected agreed with some incidence rates among primiparous and 
multiparous cows.  Metritis was most frequently diagnosed at 7 and 9 DIM, but new 
cases developed through 17 and 19 DIM in multiparous and primiparous cows, 
respectively (Figure 1). Huzzey et al. (2007) reported that cows with subclinical metritis 
showed abnormal vaginal discharge and dull appearance about 9.1 DIM, consistent with 






In this study, subclinical mastitis prevalence was 32%, regardless of parity (Table 
2.4). Subclinical mastitis prevalence varied greatly by milking procedure and pathogen 
presence (Todhunter et al., 1995; Pinedo et al., 2012; Oliveira et al., 2013). Hiitiö et al. 
(2017) reported subclinical mastitis prevalence decreased from 22 to 19% from 1990 to 
2010, attributed to improvements in milk quality and further understanding of milking 
procedures. During our data collection, mastitis incidence was assessed via quarter milk 
samples, rather than composite milk samples. Because, high SCC in a single quarter can 
be missed if all other quarters have lesser counts, quarter SCC may provide a more 
detailed explanation of subclinical mastitis (Hiitiö et al., 2017). In our observations, mean 
SCS between days 2 to 6 DIM (4.65 ± 0.03) decreased by collection 2(2.91 ± 0.19). This 
suggests that immunosuppression around parturition may vary with DIM. As previously 
described, metritis was most frequently diagnosed at days 7 and 9, however new 
incidence occurred through 19 DIM. Therefore, immunosuppression as associated with 
metritis and mastitis may vary between individual cows. 
Hypocalcemia 
 
Observed subclinical hypocalcemia incidence was 88 (n = 88) effecting 86% of 
primiparous cows (n = 51) and 90.2% of multiparous cows (n = 37) cows. However, 
prevalence did not agree with reported literature. Subclinical hypocalcemia incidence 
rate among multiparous cows between second and sixth parity was 41 to 54% (Reinhardt 
et al., 2011), suggesting elevated incidence among cows on this study. Dry cow 
calculated ration targeted a DCAD diet, but DCAD was never reached. DCAD diet 




– (Cl + S * 0.6), as suggested by (Charbonneau et al., 2006). However, prepartum, urine 
pH collected at 14 d before expected calving (mean ± SD: 7.67 ± 1.03) and 7 d before 
expected calving (mean ± SD: 7.78 ± 0.88) ranged from 4.96 to 8.80. This demonstrates 
that DCAD was not achieved, as urine pH would have been ≤ 7 (Hu and Murphy, 2004; 
Zimpel et al., 2018). Therefore, subclinical hypocalcemia incidence obtained may be 
attributed to ration. Additionally, subclinical hypocalcemia was diagnosed at a plasma 
concentration of 8.6 mg/dL. However, multiple other studies have suggested 8.0 mg/dL 
is a more common threshold for diagnosing hypocalcemia (Oetzel, 2004; Goff, 2008). 
When subclinical hypocalcemia incidence was analyzed at 8.0 mg/dL threshold, no 
differences were observed in incidence rate. This further suggests that ration was a main 
contributing factor to hypocalcemia incidence. 
Cows were most frequently diagnosed with subclinical hypocalcemia one to two 
weeks before expected calving and 3 days after calving in both primiparous and 
multiparous cows (Figure 1). Blood serum calcium concentrations lowest 12 to 24 hours 
after parturition (DeGaris and Lean, 2008), but can remain between 6.56 mg/dL and 
10.44 mg/dL within the first week (Quiroz-Rocha et al., 2009b). Mean plasma calcium 
concentration between 14 days before expected calving and 21 DIM was not significantly 
different (P > 0.05). Established threshold for hypocalcemia was 8.6 mg/dL, but mean 
plasma calcium concentration was only ≥ 8.6 mg/dL at 21 DIM. In our research, mean 
plasma blood calcium was numerically lowest at 3 DIM (7.49 mg/dL), agreeing with 
DeGaris and Lean (2008) that cows still reached their nadir at within 48 hours of calving. 
To assess true prevalence of subclinical hypocalcemia, we did not monitor calcium 




hypocalcemia may maintain lower blood calcium concentration, potentially explaining 
greater multiple disease prevalence across cows. 
Retained Placenta 
 
Observed primiparous and multiparous cows had a 10 to 15% RP incidence rate 
(Table 2.4) agreed with RP prevalence of 2 to 19%, as described by Kimura et al. (2002); 
(Sheldon et al., 2008) and Vergara et al., (2014). Elevated RP incidence may further 
explain elevated metritis incidence observed among multiparous and primiparous cows. 
Sheldon et al. (2008) observed that cows are at a greater risk of developing RP among 
twins or high calving ease scores. However, within our study calving ease and twins 
incidence were low. This suggests that other nutritional or environmental factors may 
contribute to herd RP prevalence. 
Logistical Regression Models Considering Cows Positive Across All Days. 
 
Considering a cow was positive for disease throughout the entire study with and 
without blood, urine, milk, and vaginal discharge variables, parity was associated with 
hyperketonemia (Estimate = 1.4; [CI] = 0.53 to 2.25; Z = 3.16; P < 0.01; Table 2.5). 
Parity has been suggested as an increased risk factor associated with hyperketonemia by 
many (Duffield et al., 1998; Walsh et al., 2007b; McArt et al., 2013), and agreed with 
hyperketonemia prevalence observed in this study. However, as previously mentioned, 
hypocalcemia and metritis increase with parity across multiple studies (Reinhardt et al., 
2011; Sannmann et al., 2013). 
Cows with a subclinical disease (Z = 1.44; P ≤ 0.01) and subclinical 
hyperketonemia (Z = 2.74; P ≤ 0.01), and had a significantly greater appearance score 




variables, cows with a subclinical disease (Z = 3.53; P ≤ 0.01) subclinical 
hyperketonemia (Z = 2.30; P = 0.02) and metritis (Z = 1.93; P ≤ 0.01) were significantly 
associated with appearance when considering additional variables (Tables 2.6). Cows 
with clinical ketosis may display nervousness including abnormal licking, chewing on 
pipes or concrete, abnormal gait, or aggression (Gordon et al., 2013). However, 
subclinical ketosis is established by increased blood, milk, and urine ketone concentration 
across established threshold without identifiable clinical symptoms (Gordon et al., 2013). 
Dairy calf depression, weakness, and ataxia were highly correlated with postpartum 
sickness (Kasari and Naylor, 1986). Lethargy, dull appearance, nervousness, abnormal 
manure consistency, and weakness may occur in cows afflicted with postpartum and 
immunosuppression diseases (Houe et al., 2001; Sheldon et al., 2006; Gordon et al., 
2013; Royster and Wagner, 2015).  Because appearance was scored primarily on 
systemic signs of illness and depression, symptoms associated with clinical disease were 
unexpected. Dann et al. (2005) performed physical examinations which included 
appearance evaluation, similar to used in this study, and assessed animals to have 1 
postpartum disease based on elevated physical examination score.  This suggests that 
even without clinical diagnosis, behavior can be used to assess general postpartum 
disease and hyperketonemia. 
Metritis (Z = 3.76; P ≤ 0.01) and hypocalcemia (Z = 1.66; P = 0.03) were both 
associated with appearance, when considering the interaction of BHB and appearance, 
and metritis was associated with appearance when considering the interaction parity 
(Table 2.6). This suggests the importance of using appearance scoring, in addition to a 




associated with hyperketonemia and metritis, respectively (Table 2.6). Ospina et al. 
(2010) reported prepartum NEFA concentrations > 23.9 mg/dL before parturition 
increased a cow’s risk of developing postpartum and immunosuppression disease (Ospina 
et al., 2010). We found that prepartum (33.6 ± 3.5 mg/dL) and postpartum (54.7 ± 4.6 
mg/dL) NEFA concentration exceeded concentrations consistent with postpartum and 
immunosuppression. McArt et al. (2013) reported cows with a prepartum blood NEFA 
concentrations ≥ 26.6 mg/dL had a 1.3 time greater risk of developing hyperketonemia. 
Giuliodori et al. (2013) reported prepartum NEFA concentrations > 38.1mg/dL was 
positively associated with metritis. Therefore, NEFA concentrations observed, further 
suggest NEB and potential challenges associated with the ration. Further, cows with 
postpartum whole blood BHB concentration (≥ 8.13 mg/dL) were 3 times more likely to 
develop metritis than healthy cows (Hammon et al., 2006). In this study, hyperketonemia 
was defined as a BHB concentration exceeding 6.97 mg/dL, although other research has 
assessed hyperketonemia at a range between 5.81 mg/dL to 8.13 mg/dL (Iwersen et al., 
2009). Both hyperketonemia incidence and mean NEFA concentration indicate cows 
were in NEB. 
Locomotion score was associated with metritis (Z = 1.93; P ≤ 0.05), and tended to 
 
be associated with RP (Z = 1.85; P = 0.06) and disease (Z = 1.94; P = 0.05; Table 2.5). 
Mean locomotion score was 1.31 ± 0.55, indicating the majority of cows were scored as 
not lame or mildly lame. Multiple studies have suggested lameness may be associated to 
immunosuppression, nutritional deficiencies, and insufficient cow comfort (Ito et al., 
2010; Palmer et al., 2012; Luchterhand et al., 2016). Although endometritis has been 




risk factor for developing metritis (Potter et al., 2010; Salasel et al., 2010). Despite this, 
multiple studies, RP has been associated with metritis (Sheldon and Dobson, 2004; Bell 
and Roberts, 2007; Dubuc et al., 2010), suggesting that elevated incidence of metritis and 
RP may be further linked to elevated locomotion scores. Hooves were not scored for 
claw lesions, foot rot, or trauma during the study. Therefore, the potential role of 
infectious pathogens on immunosuppression cannot be determined from the data 
reported. Hyperketonemia was also associated with locomotion score (Z = 43.18, P ≤ 
0.01; Table 2.6). Subclinical hyperketonemia has been associated with increased odds of 
lameness, metritis, clinical ketosis, and DA (Ingvartsen and Moyes, 2012; Suthar et al., 
2013). Additionally, severely lame cows spent more time lying than healthy cows (P < 
0.05) (Abb-Schwedler et al., 2014), suggesting that elevated locomotion score may be 
associated with decreased feed intake and hyperketonemia. Ingvartsen (2006) suggested 
this may be related to excessive mobilization of adipose tissue occurring during the 
transition period. 
Dehydration was significantly associated with hypocalcemia (Z = 21.9; P ≤ 0.01; 
Table 2.6). Sørensen and Fraser (2010) observed that dehydration tests should be 
included in on farm assessment, but was not sensitive enough for critical analysis. Rather 
on farm tools, including number of waterers may help to assess likelihood of dehydration. 
Dehydration has been positively associated with clinical metritis and DA (Smith and 
Risco, 2005; Sheldon et al., 2006; Mokhber Dezfouli et al., 2013), but little research 
directly associates hypocalcemia and dehydration. Rather, hypocalcemia has been 
reported in ≥ 88% of cows with DA (Mokhber Dezfouli et al., 2013). Although, DA was 




DA.  Further research with a greater number of animals at risk for the development of 
DA should be observed to investigate this relationship. Fecal score has often been 
associated with unbalanced rations (Melendez and Roy, 2016). Despite attempted DCAD 
diet, as previously mentioned, urine pH indicated DCAD was never achieved. Therefore, 
ration challenges may help to explain variations in dehydration and manure, but 
additional variables suggested that manure may not explain enough variation within 
models when considering additional measurements. 
Somatic cell score in the left rear quarter was significantly associated with 
metritis (Z = 3.04; P ≤ 0.01) and vaginal discharge was associated with mastitis (Z = 
2.03, P = 0.04), suggesting a relationship between postpartum diseases attributed to 
immunosuppression (Table 2.6). Both metritis and mastitis are defined as 
immunosuppressive postpartum diseases (Esposito et al., 2014). Accounting for 
inflammation, irregular immune function, and decreased dry matter intake may explain 
elevated incidence of both mastitis and metritis (Esposito et al., 2014). 
Immunosuppression can occur as a result of stress attributed to insufficient nutrition 
(Huzzey et al., 2007). Huzzey et al. (2007) and Hammon et al. (2006) observed cows 
diagnosed with mild metritis ate significantly less 1 week prepartum through 3 weeks 
postpartum. This further agreed with observations of NEB recorded through 
hyperketonemia incidence and means NEFA concentrations. 
Logistical regression models considering cows positive only after d of diagnosis. 
 
Although some evaluative variables were similar to previous models, by 
considering day of diagnosis, an increased number of evaluative variables were 




variables (Table 2.8). As in previous models above discussed, hyperketonemia (Z = 2.72; 
P ≤ 0.01; Table 2.7), metritis (Z = 2.15; P = 0.03; Table 8), and mastitis (Z = 2.49; P = 
0.01; Table 2.8) were also significantly associated with parity. Pinedo et al. (2012) 
suggested incidence of subclinical mastitis does not vary by parity. However, Ghavi 
Hossein-Zadeh and Ardalan (2011) found that multiparous cows were more likely to be 
diagnosed with clinical mastitis, compared to primiparous cows. Further, Halasa et al. 
(2009) estimated SCC increased with each lactation from 266,000 cells/mL to 346,000 
cells/milk This suggests the relationship between mastitis incidence and parity may need 
to be closer evaluated for various management decisions. 
Appearance was significantly associated with hypocalcemia (Z = 2.34, P = 0.02) 
and tended to be associated with mastitis (Z = 1.27; P = 0.07), but only when not 
considering blood concentrations, urine pH, and discharge variables (Table 2.7). As 
suggested by multiple similar studies, appearance changes in subclinical disease may be 
attributed to changes in feed and immunosuppression (Sheldon et al., 2006; Gordon et al., 
2013). Oetzel (2004) reported that no overtly visible physical symptoms are seen with 
subclinical hypocalcemia, although greater standing time and decreased dry matter intake 
are often observed (Reinhardt et al., 2011; Jawor et al., 2012). Although only one cow 
was diagnosed with clinical hypocalcemia (≤ 5.5 mg/dL), symptoms consistent with 
clinical hypocalcemia are lethargy, dull appearance, cold ears, muscular weakness, 
ataxia, and recumbence (Houe et al., 2001; Jawor et al., 2012). This suggests that cows 
with subclinical hypocalcemia may begin to show clinical symptoms before clinical 




Body condition score was associated with metritis (Z = 3.86; P ≤ 0.01), mastitis 
(Z = 3.86; P ≤ 0.01), and hypocalcemia (Z = 3.75; P ≤ 0.01), when not considering other 
evaluative variables (Tables 2.7). However, when additional NEB variables glucose and 
NEFA were included with BCS, hyperketonemia (glucose: Z = 11.51; P ≤ 0.01 and 
NEFA: Z = 2.33; P = 0.02; Table 2.8). Walsh et al. (2007b) and McArt et al. (2013) 
reported over-conditioning at calving may also increase the risk of hyperketonemia . In 
our research, mean BCS at 14 days before expected calving was 3.6, suggesting cows 
were over-conditioned prepartum. McArt et al. (2013) observed that cows with a BCS 
3.5 at calving, experienced significantly greater risk of developing hyperketonemia 
(McArt et al., 2013) and cows with a BCS > 4.0 had a 1.5 times greater odds of 
developing subclinical ketosis (Duffield et al., 1998). McArt et al. (2013) reported second 
and third parity cows were twice as likely to develop ketosis, compared to first parity 
cows. Mean BCS at 21 d postpartum in this study was 3.1, indicating a 0.5 mean BCS 
loss. In general, energy demands postpartum alongside cow’s ability to metabolize 
sufficient energy for lactogenesis can lead to elevated hyperketonemia incidence 
(Ingvartsen, 2006; Walsh et al., 2007b; Gordon et al., 2013). 
Giuliodori et al. (2013) reported cows with metritis were classified with lower 
BCS at parturition (2.58) than healthy cows (2.67) on a 1.0 to 5.0 scale (P < 0.01).Cows 
diagnosed with metritis after parturition consumed 4 to 6kg/d less for the 3 weeks before 
calving than healthy cows (Huzzey et al., 2007). Cows with mastitis also decreased feed 
intake (Royster and Wagner, 2015), suggesting that lower BCS may be more associated 
with immunosuppression and postpartum NEB. Cows with a BCS ≥ 4 at calving, who 




clinical hypocalcemia (Heuer et al., 1999). However, the rapid change in body weight 
may also be attributed to the immunosuppression seen with metritis and mastitis. 
Rapid changes in BCS as described above were associated with NEB, as NEFA, 
glucose, and some interactions were associated with hyperketonemia and glucose was 
associated with mastitis (Table 2.8). Across multiple studies, blood serum NEFA 
concentration, whole blood BHB concentration, and whole blood glucose concentration 
are all indicators of NEB (Chapinal et al., 2012; Qu et al., 2013). In this study, 
correlation between NEFA, BHB, and glucose was < 0.40, but significant (P < 0.05). At 
parturition, all metabolites can become insufficient to maintain homeostasis and 
lactogenesis, resulting in increased risk of postpartum disease. Glucose was measured as 
a marker of these metabolite deficiency, as gluconeogenesis must occur to provide 
adequate glucose for milk production (Gordon et al., 2013). Multiparous cows with 
hyperketonemia between 1 and 4 DIM had lower glucose concentration, compared to 
cows without hyperketonemia, although no difference was observed among primiparous 
cows (Ruoff et al., 2017). Non-esterified fatty acids can further be transformed into 
ketone bodies to supply energy to muscles, allowing for glucose to be allocated to milk 
production (Herdt, 2000; LeBlanc, 2010). This allocation may explain associated 
between glucose and mastitis. 
As with previous models, locomotion score was associated with hyperketonemia 
without (Z= 2.15; P = 0.03; Table 2.7) and with blood, urine, and milk variables (Z = 
4.26; P ≤ 0.01; Table 2.8), but not metritis, mastitis, or hypocalcemia. In these models, 
manure tended to be associated with mastitis without (Z = 1.91; P = 0.06; Table 2.7) and 




(2006) suggested that immunosuppression, such as in cases of bovine virus disease, can 
contribute to incidence of diarrhea. Pathogens and virus can impact the innate and 
adaptive host immune responses, resulting in diarrhea (Bolin and Grooms, 2004). This 
suggests that manure score may be related to immunosuppression, and explain 
association with mastitis. As with previous models, the association between metritis and 
SCSLR further emphasized immunosuppression among cows with metritis (Z = 3.36; P ≤ 
0.01) and mastitis (Table 2.8). Additionally, hyperketonemia was associated with vaginal 
discharge (Z = 21.81; P ≤ 0.01; Table 2.8). McArt et al. (2015) Cows diagnosed with 
subclinical hyperketonemia, had a greater risk of developing metritis and risk of culling 
or death contributed to hyperketonemia and metritis incidence. Cows with subclinical 
hyperketonemia had a 1.5 greater risk of developing metritis than healthy cows (Suthar et 
al., 2013). 
Calving ease was also associated with hyperketonemia (Z = 4.26; P ≤ 0.01; Table 
2.8), but not metritis, mastitis, or hypocalcemia. In a study conducted by McArt et al., 
(2013), dams of bull calves showed 1.2 to 1.4 greater risk of developing ketosis than 
cows that calved with female calves. This may be attributed to the size difference 
between bull and heifer calves, or possible greater NEB attributed to the greater 
nutritional needs prepartum (McArt et al., 2013). This suggests that hyperketonemia as a 
measure of NEB may be a consequence of calving ease, in addition to NEB. 
Mixed Linear Model Considering Whole Blood BHB and Plasma Calcium 
Concentration As Continuous Variables. 
Analyzing association between evaluative variables and continuous variables of 




regression analysis, including without (Table 2.9) and with the blood, urine, and milk 
variables (Table 2.10). As previously mentioned, BHB, glucose, and NEFA 
concentrations were correlated, again suggesting relationship between NEBs. Although 
no additional variables were associated with plasma calcium concentration, BHB 
concentration was associated with plasma calcium concentration (F = 10.5; P ≤ 0.01) and 
interactions with calcium (F = 4.62; P ≤ 0.01; Table 2.10). Rodríguez et al. (2017) 
observed calcium concentrations ≤ 7.74 mg/Dl was associated with hyperketonemia 
suggesting that decreasing calcium is associated with increased BHB concentration. 
Retained placenta was also associated with BHB (F = 10.45, P ≤ 0.01). Duffield et al. 
(2002) and Goff (2006) suggest RP may be further influenced by NEB and insufficient 
vitamins, minerals, and antioxidants. The interaction of RP with glucose (F = 5.21; P ≤ 
0.01) and parity (F = 9.73; P ≤ 0.01) emphasizing the relationship and again suggests 
both NEB and immunosuppression. Together, these results suggest that similar tools can 
be used to assess specific diseases: hyperketonemia, metritis, mastitis, hypocalcemia, and 
RP, as continuous variables BHB and calcium concentrations. 
In summary, parity, appearance, BCS, dehydration, and manure were directly 
associated with hyperketonemia, metritis, mastitis, hypocalcemia, and RP. Blood, urine, 
and milk variables were further associated with these diseases. Uniquely, each disease 
had specific combination of evaluative variables associated with positive disease, but all 
each single variable was associated with multiple diseases. Overall, evaluative variables 
were successfully associated with disease. However, this research requires further 
exploration to assess the relationship between these evaluative variables and disease on a 






Further research is needed to explore the frequency of physical examination including 
appearance, dehydration, and manure, BCS and locomotion scoring, blood variables, 
vaginal discharge, urine pH, and SCC to accurately assess disease incidence. All 
evaluative methods individually and in combination must also be explored within a larger 
cow sample to account for healthy cows and clinical disease incidence. Because, only 1 
cow was not diagnosed with any disease, comparisons were limited to cows diagnosed 
with a single disease or multiple diseases. Additionally threshold of disease may play a 
large role in determining usefulness of tools. As noted, postpartum diseases can have a 
cumulative effect on behavioral and physiological changes, so attributing evaluative 
techniques to a single disease can be difficult. Using a rectal temperature, something 
easily obtained by producers, may also serve as an additional tool for daily evaluations. 
Providing producers with additional evaluate methods associated with postpartum disease 
may be beneficial to earlier diagnosis and understanding of disease. 
CONCLUSIONS 
 
Tools used in physical examinations were associated with diseases including 
hyperketonemia, metritis, mastitis, hypocalcemia, and RP. By monitoring daily 
appearance, dehydration, manure, weekly BCS, and weekly locomotion, producers may be 
to aid the detection of cow at risk of developing post-partum diseases. Using additional 
measurements of blood, milk, urine, and vaginal discharge collection variables including 
BHB, glucose, and NEFA concentration, vaginal discharge, urine pH and SCS, producers 
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Table 2-1. Ingredient and chemical composition (mean ± SD) of total mixed ration fed 
during the fresh cow period (day 1 to day 70 postpartum) and the close up dry cow period 
(approximately 21 days before calving to day of calving). Ration was assessed at three 
intervals during study indicating when feed components changed: July 2016, November 





































  Fresh Cow Ration  Dry Cow Ration 
Feed Component Unit Mean SD Mean SD 
Corn Silage DM % 22.21 1.41 41.74 0.03 
Dry Hay %   31.15 0.62 
Alfalfa Silage DM % 16.74 0.25   
Alfalfa Hay DM % 6.38 0.62   
Whole Cottonseed % 11.80 0.50 7.65 0.15 
Total DM % 41.24 0.47 55.05 0.68 
aNDFom % 32.32 1.06 41.12 1.95 
Biochlor %   7.36 0.15 
Biotin mg/lbs 0.62 0.13   
Ca % 1.04 0.14 0.49 0.09 
Cl % 0.36 0.00 1.16 0.32 
Co - total Ppm 1.66 0.42 1.16 0.02 
Crude Protein % 17.53 0.55 15.26 0.30 
Cu - total Ppm 20.41 5.02   
EE % 5.14 0.09 4.54 0.17 
Fe - total Ppm 125.67 22.01 1.10 0.02 
Forage % 45.34 1.61   
Forage aNDFom % 19.07 0.35 35.30 1.94 
I - total Ppm 0.81 0.03   
K % 1.33 0.06 1.45 0.28 
Mg % 0.39 0.01 0.47 0.03 
Mn - total Ppm 72.02 9.70 76.99 1.54 
Monensin mg/lbs 6.15 2.27   
Na % 0.45 0.03 0.34 0.02 
P % 0.44 0.01 0.37 0.00 
peNDF % 22.07 0.50   
Pro-Min %   12.10 0.95 
RD Starch 3xLevel 1 % 17.09 0.73   
S % 0.29 0.13 0.44 0.01 
Se - total Ppm 0.31 0.03 0.39 0.01 
Starch % 23.77 1.10 18.55 2.67 
Sugar (WSC) % 4.39 0.57 4.06 0.24 
TFA % 4.52 0.14   
Vit A IU/lbs 2098.65 82.65 6705.96 134.10 
Vit D3 IU/lbs 543.80 21.42 1596.62 31.93 
Vit E IU/lbs 27.57 5.34 104.30 2.09 
Zn Ppm 60.31 54.56   







Table 2-2. Table depiction of study sample collection days for disease diagnosis and physical examinations. Cows (N = 100) 
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1 Days marked by indicate days that samples were collected 
2 Single observer trained all individuals involved in collecting data (n = 3) across 8 training sessions to develop consistent 
scoring techniques via observation of animals and visual aids.8,9,10,11,12,13 
3 Days -14  3 and -7  1 were based on expected calving date as recorded in Dairy Herd Improvement Association (DHIA) 
records rather than actual calving date. 
4 Whole blood glucose was collected via the coccygeal vein about 7.6 to 15.2 cm from the base of the tail and evaluated 
(Precision Xtra, Abbott Laboratories, Abbott Park, Illinois, USA). 
5 Whole blood BHB was collected via the coccygeal vein about 7.6 to 15.2 cm from the base of the tail and evaluated 
(BHBCheck, PortaCheck, Moorestown NJ, USA). 
6 Plasma NEFA was collected via coccygeal vein about 7.6 to 15.2 cm from the base of the tail and analyzed (VetPhotometer 
DP 700, Diaglobal, Berlin, Germany). 
7 Calcium was collected via coccygeal vein about 7.6 to 15.2 cm from the base of the tail and analyzed via spectrophotometry 
(University of Illinois, Diagnostic Lab, Champaign, IL, USA). 
8 Body condition score was evaluated on a 1.0 to 5.0 scale in 0.25 increments Ferguson et al. (1994). 
9 Locomotion score scale was modified from Schlageter-Tello et al. (2014). 
10 Appearance was evaluated 1 to 4 Sterrett (2014). 
11 Vaginal discharge was collected using a vaginal discharge device (Metricheck, Simcro Tech Ltd, Hamilton, New Zealand). 
12 Manure was scored 1 to 5 as described by (Zaaijer and Noordhuizen, 2003). 
13 Dehydration score scale was modified from Sørensen and Fraser (2010). 
14 Milk SCC was collected between days 2 to 6 and days 7 to 11 to approximate 3 and 7 DIM. All final quarter SCC were 
converted to SCS as determined by Ali and Shook, 1980; SCS= (log2SCC/100,000) +3) for further data analysis. If SCC was ≤ 
18,000 cells/mL (SCS < 0), cow SCS was recorded as 0 to indicate the lowest possible SCS. 
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Table 2-3. Binomial distribution of scoring scales for appearance, manure score, 
dehydration score, locomotion score, and calving ease to distinguish healthy and 
abnormal characteristics of cows as evaluated between 14 days before expected calving 












    
2 
Mild depression; droopy ears; 
and dull eyes 





Moderate depression; droopy 














No systemic signs of 
ill health; eyes 







Extreme depression; droopy 
ears; dull and very sunken 
eyes; lethargic; anorexic; 
often refuses to stand; 
uninterested in surrounding 
environment 
    
1 
Watery and thin feces; 
unrecognizable 
    
2 
Thin custard-like feces; wide 
splash on zone 
   
Thick and custard- 
like; well- 
circumscribed pad 




Stiff feces; well- 















Skin on base of neck 






Skin on base of neck snaps 
back in greater than 2 seconds 
    
2 










Cow shows moderate to 
severe signs of lameness 
   2 slight problem 
   3 Needed assistance 
Calving 
ease5 
  4 Considerable force needed 
1 No problem 5 Extreme difficulty 
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1 Appearance scale was modified from Sterrett (2014). 
2 Manure score scale was modified from (Zaaijer and Noordhuizen, 2003). 
3 Dehydration score scale was modified from Sørensen and Fraser (2010). 
4 Locomotion score scale was modified from Schlageter-Tello et al. (2014). 
5 Calving ease scale was modified from (Weigel, 2002). 
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Table 2-4. Total of all cows (N = 100) disease frequency and all combined disease 
frequency from 14 days before expected calving to 21 days after calving for all cows 
considering subclinical disease3,4,5,6, subclinical hyperketonemia7, metritis8, subclinical 
mastitis9, subclinical hypocalcemia10, retained placenta11 comparing incidence between 
primiparous (n = 59) and multiparous cows (n = 41). 
 
Disease1 Overall Parity2 
 
Primiparous (n = 59) Multiparous (n = 41) 
 % % % 
0 Disease3 1 0.0 2.4 
1 Disease4 19 23.7 12.2 
2 Diseases5 26 28.8 22 
3 Diseases6 54 47.5 63.4 
Hyperketonemia7 37 23.7 56.1 
Metritis8 59 59.3 58.5 
Mastitis9 32 32.2 31.7 
Hypocalcemia10 88 86.4 90.2 
Retained placenta11 12 10.2 14.6 
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1 If cow was diagnosed with any disease pre and post calving, cow was considered sick 
for the entire study period. 
2 Parity was defined as primiparous (n = 59) and multiparous (n = 41). 
3 0 Disease was classified as 0 disease incidence on days -14 ± 2 and -7 ± 1 before 
expected calving and 1 to 21 days after calving. 
4 1 Disease was classified as any 1 disease incidence on days -14 ± 2 and -7 ± 1 before 
expected calving and 1 to 21 days after calving. 
5 2 Diseases were classified as any 2 disease incidences on days -14 ± 2 and -7 ± 1 before 
expected calving and 1 to 21 days after calving. 
6 3 Diseases were classified as any 3 or more disease incidences on days -14 ± 2 and -7 ± 
1 before expected calving and 1 to 21 days after calving. 
7 Subclinical hyperketonemia was determined by a whole blood BHB concentration ≥ 
6.97 mg/dL on 1, 2, 3, 4, 5, 6, 7, 10 or 14 DIM (BHBCheck, PortaCheck, Moorestown 
NJ, USA). 
8 Metritis was defined as abnormal vaginal discharge categorized as ≥ 2 on 3, 5, 7, 9, 11, 
13, 15, 17, 19 or 21 DIM (Metricheck, Simcro Tech Ltd, Hamilton, New Zealand). 
9 Subclinical mastitis was defined as a somatic cell score ≥ 4 between 7 to 11 DIM. Milk 
SCC was collected between days 2 to 6 and days 7 to 11 to approximate 3 and 7 DIM. 
All final quarter SCC were converted to SCS as determined by Ali and Shook, 1980; 
SCS= (log2SCC/100,000) +3) for further data analysis. If SCC was ≤ 18,000 cells/mL 
(SCS < 0), cow SCS was recorded as 0 to indicate the lowest possible SCS. 
10 Subclinical hypocalcemia was determined by a blood plasma sample ≤ 8.6 mg/dL on 
days -14 ± 2 and -7 ± 1 before expected calving and 3, 5, 7, 10, 14, or 21 DIM. 




Table 2-5. Multivariable associative factors considering one or more subclinical diseases 
detected4 or subclinical hyperketonemia5, metritis6, subclinical mastitis7, subclinical 
hypocalcemia8, and retained placenta9 based on variables measured during physical 
examinations excluding blood and urine concentrations for cows pre and post calving, 
assuming cow was positive at all days (N = 100). 
 
   Disease2    
Variables Disease4 Hyperketonemia5 Metritis6 Mastitis7 Hypocalcemia8 RP9 
Parity3 0.57 < 0.01 0.62 0.91 0.91 0.52 
Appearance10 < 0.01 0.03     
Locomotion11 0.05 0.17 < 0.05   0.06 
Dehydration12  0.92     
Manure13       
 
1 Data was generated via logistical regression using the GENMOD procedure of SAS 9.4 
(SAS Inc, Cary, NC, USA. 
2If cow was diagnosed with any disease pre and post calving, cow was considered sick 
for the entire study period. 
3 Parity was defined as primiparous (n = 59) or multiparous (n = 41). 
4 Disease number was classified as 0, 1, 2 and ≥ 3 diseases on days -14 ± 2 and -7 ± 1 
before expected calving and 1 to 21 days after calving. 
5 Subclinical hyperketonemia was determined by a whole blood BHB ≥ 6.97 mg/dL on 1, 
2, 3, 4, 5, 6, 7, 10 or 14 DIM (BHBCheck, PortaCheck, Moorestown NJ, USA). 
6 Metritis was defined as abnormal vaginal discharge categorized as ≥ 2 on 3, 5, 7, 9, 11, 
13, 15, 17, 19 or 21 DIM (Metricheck, Simcro Tech Ltd, Hamilton, New Zealand). 
7 Subclinical mastitis was defined as a somatic cell score ≥ 4 between 7 to 11 DIM. Milk 
SCC was collected between days 2 to 6 and days 7 to 11 to approximate 3 and 7 DIM. 
All final quarter SCC were converted to SCS as determined by Ali and Shook, 1980; 
SCS= (log2SCC/100,000) +3) for further data analysis. If SCC was ≤ 18,000 cells/mL 
(SCS < 0), cow SCS was recorded as 0 to indicate the lowest possible SCS. 
8 Subclinical hypocalcemia was determined by a blood plasma sample ≤ 8.6 mg/dL on 
days -14 ± 2 and -7 ± 1 before expected calving and 3, 5, 7, 10, 14, or 21 DIM. 
9 Retained placenta was determined as retained fetal membrane for > 24 hours post- 
calving. 
10 Appearance scale was modified from Sterrett et al. (2014). 
11 Locomotion score scale was modified from Schlageter-Tello et al. (2014). 
12 Dehydration score scale was modified from Sørensen and Fraser (2010). 
13 Manure score scale was modified from Zaaijer and Noordhuizen (2003). 
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Table 2-6. Multivariable model considering one or more subclinical diseases detected4, 
subclinical hyperketonemia5, metritis6, subclinical mastitis7, subclinical hypocalcemia8, 
and retained placenta9 based on variables measured during physical examinations and 
blood and urine concentrations for cows pre and post calving, assuming cow was positive 
at all days (N = 100). 
 




Hyperketonemia5 Metritis6 Mastitis7 Hypocalcemia8 RP9 
Parity3 0.82 0.04 0.06 0.91 0.91 0.42 
Appearance10 < 0.01 0.02 < 0.01   0.13 
Locomotion11 0.14 < 0.01     
Dehydration12  0.93   0.01  
Manure13     0.13  








SCSLR16,17   < 0.01  0.4  
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1 Data was generated via logistical regression using the GENMOD procedure of SAS 9.4 
(SAS Inc, Cary, NC, USA. 
2 If cow was diagnosed with any disease pre and post calving, cow was considered sick 
for the entire study period. 
3 Parity was defined as primiparous (n = 59) or multiparous (n = 41). 
4 Disease number was classified as 0, 1, 2 and ≥ 3 diseases on days -14 ± 2 and -7 ± 1 
before expected calving and 1 to 21 days after calving. 
5 Subclinical Hyperketonemia was determined by a whole blood BHB ≥ 6.97 mg/dL on 1, 
2, 3, 4, 5, 6, 7, 10 or 14 DIM (BHBCheck, PortaCheck, Moorestown NJ, USA). 
6 Metritis was defined as abnormal vaginal discharge categorized as ≥ 2 on 3, 5, 7, 9, 11, 
13, 15, 17, 19 or 21 DIM (Metricheck, Simcro Tech Ltd, Hamilton, New Zealand). 
7 Subclinical mastitis was defined as a somatic cell score ≥ 4 between 7 to 11 DIM. Milk 
SCC was collected between days 2 to 6 and days 7 to 11 to approximate 3 and 7 DIM. 
All final quarter SCC were converted to SCS as determined by Ali and Shook, 1980; 
SCS= (log2SCC/100,000) +3) for further data analysis. If SCC was ≤ 18,000 cells/mL 
(SCS < 0), cow SCS was recorded as 0 to indicate the lowest possible SCS. 
8 Subclincal Hypocalcemia was determined by a blood plasma sample ≤ 8.6 mg/dL on 
days -14 ± 2 and -7 ± 1 before expected calving and 3, 5, 7, 10, 14, or 21 DIM. 
9 Retained placenta was determined as retained fetal membrane for > 24 hours post- 
calving. 
10 Appearance scale was modified from Sterrett et al. (2014). 
11 Locomotion score scale was modified from Schlageter-Tello et al. (2014). 
12 Dehydration score scale was modified from Sørensen and Fraser (2010). 
13 Manure score scale was modified from Zaaijer and Noordhuizen (2003). 
14 Vaginal discharge was not included in the metritis or disease number model. 
15 BHB and NEFA were lowly correlated (r < 0.15) and remained in the same model if 
significant in univariate models. Non-esterified fatty acids were evaluated using a 
handheld colorimeter (Vet Photometer DP 700, Diaglobal, Berlin, Germany; following 
Tsai et al., 2017). System evaluated NEFA between 1.77 and 354 mg/dL by measuring 
absorption at 520 nm with inaccuracy < 0.5%. 
16 SCSLR17 was not included in the mastitis or disease number model. 
17 SCSLR was highly correlated with all other quarter SCS, but was most significant in all 
models. 
18 BHB was not included in hyperketonemia or disease number model. 
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Table 2-7. Multivariable model considering subclinical hyperketonemia4, metritis5, 
subclinical mastitis6, and subclinical hypocalcemia7 based on variables measured during 
physical examinations, excluding blood and urine variables, for cows pre and post 
calving, assuming cow was positive only after day of disease diagnosis (N = 100). 
 
Disease2 
Variables Hyperketonemia4 Metritis5 Mastitis6 Hypocalcemia7 











Calving ease11 0.16 
   
Body condition score12 
 
< 0.01 < 0.01 < 0.01 
1 Data was generated via logistical regression using the GENMOD procedure of SAS 9.4 
(SAS Inc, Cary, NC, USA. 
2 If cow was diagnosed with any disease at any DIM, cow was considered sick only after 
d of diagnosis. 
3 Parity was defined as primiparous (n = 59) or multiparous (n = 41). 
4 Subclinical hyperketonemia was determined by a whole blood BHB ≥ 6.97 mg/dL on 1, 
2, 3, 4, 5, 6, 7, 10 or 14 DIM (BHBCheck, PortaCheck, Moorestown NJ, USA). 
5 Metritis was defined as abnormal vaginal discharge categorized as ≥ 2 on 3, 5, 7, 9, 11, 
13, 15, 17, 19 or 21 DIM (Metricheck, Simcro Tech Ltd, Hamilton, New Zealand). 
6 Subclinical mastitis was defined as a somatic cell score ≥ 4 between 7 to 11 DIM. Milk 
SCC was collected between days 2 to 6 and days 7 to 11 to approximate 3 and 7 DIM. 
All final quarter SCC were converted to SCS as determined by Ali and Shook, 1980; 
SCS= (log2SCC/100,000) +3) for further data analysis. If SCC was ≤ 18,000 cells/mL 
(SCS < 0), cow SCS was recorded as 0 to indicate the lowest possible SCS. 
7 Subclinical hypocalcemia was determined by a blood plasma sample ≤ 8.6 mg/dL on 
days -14 ± 2 and -7 ± 1 before expected calving and 3, 5, 7, 10, 14, or 21 DIM. 
8 Appearance scale was modified from Sterrett et al. (2014). 
9 Locomotion score scale was modified from Schlageter-Tello et al. (2014). 
10 Dehydration score scale was modified from Sørensen and Fraser (2010). 
11 Manure score scale was modified from Zaaijer and Noordhuizen (2003). 
12 Body condition score (BCS) was classified in 4 categories: < 3.0 (category 1: thin), 3.0 
to 3.25 (category 2: moderate), 3.5 to 3.75 (category 3: over conditioned), and ≥ 4.0 
(category 4: greatly over conditioned) across entire collection period. 
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Table 2-8. Multivariable model considering subclinical hyperketonemia3, metritis4, 
subclinical mastitis5, and subclinical hypocalcemia6 based on variables measured during 
physical examinations including blood and urine variables for cows pre and post calving, 




Variables Hyperketonemia3 Metritis4 Mastitis5 Hypocalcemia6 
Parity7 < 0.01 0.03 0.01 0.58 
Appearance8   0.96 0.39 
Locomotion9 < 0.01   0.17 
Manure10   < 0.01  
NEFA11 < 0.01 0.24  0.62 
Vaginal discharge13 < 0.01  0.45  
Glucose14 < 0.01 0.17 0.05 0.09 
SCSLR15,16  < 0.01   
BHB17    0.87 




0.65 0.17 0.06 
Parity7 * Glucose14 < 0.01  0.02  
Parity7 * NEFA11 < 0.01    
Parity7 * Locomotion9 < 0.01    
Parity7 * Vaginal discharge13 < 0.01    
Glucose14 * NEFA11 < 0.01    
Glucose14 * Locomotion9 < 0.01    
Glucose14 * Vaginal discharge13 < 0.01    
Body condition score18 * 
Locomotion9 
< 0.01   
Glucose14* Body condition score18 < 0.01   
NEFA11 * Body condition score18 < 0.01   
Vaginal discharge13 * Manure10  0.02  
Glucose14 * SCSLR15,16  0.04  
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1 Data was generated via logistical regression using the GENMOD procedure of SAS 9.4 
(SAS Inc, Cary, NC, USA. 
2 If cow was diagnosed with any disease at any DIM, cow was considered sick only after 
d of diagnosis. 
3 Hyperketonemia was determined by a whole blood BHB ≥ 6.97 mg/dL on 1, 2, 3, 4, 5, 
6, 7, 10 or 14 DIM (BHBCheck, PortaCheck, Moorestown NJ, USA). 
4 Metritis was defined as abnormal vaginal discharge categorized as ≥ 2 on 3, 5, 7, 9, 11, 
13, 15, 17, 19 or 21 DIM (Metricheck, Simcro Tech Ltd, Hamilton, New Zealand). 
5 Subclinical mastitis was defined as a somatic cell score ≥ 4 between 7 to 11 DIM. Milk 
SCC was collected between days 2 to 6 and days 7 to 11 to approximate 3 and 7 DIM. 
All final quarter SCC were converted to SCS as determined by Ali and Shook, 1980; 
SCS= (log2SCC/100,000) +3) for further data analysis. If SCC was ≤ 18,000 cells/mL 
(SCS < 0), cow SCS was recorded as 0 to indicate the lowest possible SCS. 
6 Subclinical hypocalcemia was determined by a plasma concentration ≤ 8.6 mg/dL on 
days -14 ± 2 and -7 ± 1 before expected calving and 3, 5, 7, 10, 14, or 21 DIM analyzed 
colorimetric spectrophotometry (University of Illinois Veterinary Diagnostic Lab 
Champaign, Illinois, USA). 
7 Parity was defined as primiparous (n = 59) or multiparous (n = 41). 
8 Appearance scale was modified from Sterrett et al. (2014). 
9 Locomotion score scale was modified from Schlageter-Tello et al. (2014). 
10 Manure score scale was modified from Zaaijer and Noordhuizen (2003). 
11 Non-esterified fatty acids were evaluated using a handheld colorimeter (Vet 
Photometer DP 700, Diaglobal, Berlin, Germany; following Tsai et al., 2017). System 
evaluated NEFA between 1.77 and 354 mg/dL by measuring absorption at 520 nm with 
inaccuracy < 0.5%. 
12 BHB, glucose, and NEFA were lowly correlated (r ≥ 0.35) and remained in the same 
model if significant in univariate models. 
13 Vaginal discharge was not included in the metritis or disease number model. 
14 Glucose was measured on days 14 ± 3 and 7 ± 1 before expected calving, and 3, 5, 6, 7, 
10, 14, and 21 days after calving (Precision Xtra, Abbott Laboratories, Abbott Park, 
Illinois, USA) respectively. 
15 SCSLR16 was not included in the mastitis or disease number model. 
16 SCSLR was highly correlated with all other quarter SCS, but was most significant in all 
models. 
17 BHB was not included in hyperketonemia model. 
18 Body condition score (BCS) was classified in 4 categories: < 3.0 (category 1: thin), 3.0 
to 3.25 (category 2: moderate), 3.5 to 3.75 (category 3: over conditioned), and ≥ 4.0 
(category 4: greatly over conditioned) across entire collection period. 
19 Calving ease scale was modified from Weigel (2002). 
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Table 2-9. Multivariable model considering whole blood BHB2 and blood plasma 
calcium3 concentration based on variables measured during physical examinations, 
excluding blood and urine variables, for cows pre and post calving, assuming cow was 





Whole blood BHB 
concentration2 
Blood plasma calcium 
 
concentration3 
Parity4 < 0.01 0.90 





Parity4 * Appearance5 < 0.01 
 
 
1 Data was generated via mixed linear model using the MIXED procedure of SAS 9.4 
(SAS Inc, Cary, NC, USA. 
2 Whole blood BHB concentration was measured on days 14 ± 3 and 7 ± 1 before 
expected calving, and 1, 2, 3, 4, 5, 6, 7, 10, and 14 days after calving (BHBCheck, 
PortaCheck, Moorestown NJ, USA). 
3 Plasma calcium concentration was measured on days 14 ± 3 and 7 ± 1 before expected 
calving, and 3, 5, 7, 10, 14, and 21 days after expected calving and analyzed colorimetric 
spectrophotometry (University of Illinois Veterinary Diagnostic Lab Champaign, Illinois, 
USA). 
4 Parity was defined as primiparous (n = 59) or multiparous (n = 41). 
5 Appearance scale was modified from Sterrett et al. (2014). 
6 Locomotion score scale was modified from Schlageter-Tello et al. (2014). 
7 Dehydration score scale was modified from Sørensen and Fraser (2010). 
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Table 2-10. Multivariable model considering whole blood BHB2 and blood plasma 
calcium3 concentration based on variables measured during physical examinations, 
including blood and urine variables, for cows pre and post calving, assuming cow was 










Parity4 0.01 0.93 
Appearance5 < 0.01 0.07 
Locomotion6 0.01  
Dehydration7 0.72  
NEFA8,9 0.11  
Vaginal discharge10 0.03  
Glucose8,11 < 0.01  
BHB8,12  0.69 
Calcium13 < 0.01  
Retained placenta14 < 0.01  
Parity4 * Appearance5 0.01  
Parity4 * Retained placenta14 < 0.01  
Parity4 * Dehydration7 < 0.01  
Parity4 * Calcium13 < 0.01  
Glucose8,11 * Calcium13 < 0.01  
Glucose8,11 * Retained placenta14 < 0.01  
Appearance5 * Vaginal discharge10 < 0.01  
Calcium13 * Vaginal discharge10 < 0.01  
Locomotion6 * Dehydration7 0.02  
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1 Data was generated via mixed linear model using the MIXED procedure of SAS 9.4 
(SAS Inc, Cary, NC, USA. 
2 Whole blood BHB concentration was measured on days 14 ± 3 and 7 ± 1 before 
expected calving, and 1, 2, 3, 4, 5, 6, 7, 10, and 14 days after calving (BHBCheck, 
PortaCheck, Moorestown NJ, USA). 
3 Plasma calcium concentration was measured on days 14 ± 3 and 7 ± 1 before expected 
calving, and 3, 5, 7, 10, 14, and 21 days after expected calving and analyzed colorimetric 
spectrophotometry (University of Illinois Veterinary Diagnostic Lab Champaign, Illinois, 
USA). 
4 Parity was defined as primiparous (n = 59) or multiparous (n = 41). 
5 Appearance scale was modified from Sterrett et al. (2014). 
6 Locomotion score scale was modified from Schlageter-Tello et al. (2014). 
7 Dehydration score scale was modified from Sørensen and Fraser (2010). 
8 Non-esterified fatty acids9 were evaluated using a handheld colorimeter (Vet 
Photometer DP 700, Diaglobal, Berlin, Germany; following Tsai et al., 2017). System 
evaluated NEFA between 1.77 and 354 mg/dL by measuring absorption at 520 nm with 
inaccuracy < 0.5%. 
9 BHB, glucose, and NEFA were lowly correlated (r ≤ 0.35) and remained in the same 
model if significant in univariate models. 
10 Vaginal discharge was not included in the metritis or disease number model. 
11 Glucose was measured on days 14 ± 3 and 7 ± 1 before expected calving, and 3, 5, 6, 7, 
10, 14, and 21 days after calving (Precision Xtra, Abbott Laboratories, Abbott Park, 
Illinois, USA) respectively. 
12 BHB was not included in BHB model. 
13 Calcium was not included in the calcium model. 
14 Retained placenta was defined as retained fetal membranes for ≥ 24 h. 
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Figure 2-1. Distribution of the first day of positive disease diagnosis for subclinical 
hyperketonemia1, metritis2, and subclinical hypocalcemia3 for primiparous (n = 59) and 
multiparous (n = 41) cows considering whole BHB concentration, vaginal discharge, and 
plasma calcium concentration, respectively for diagnosis of disease. 
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1 Subclinical hyperketonemia was determined by a whole blood BHB ≥ 6.97 mg/dL on 1, 
2, 3, 4, 5, 6, 7, 10 or 14 DIM (BHBCheck, PortaCheck, Moorestown NJ, USA). 
5 Metritis was defined as abnormal vaginal discharge categorized as ≥ 2 on 3, 5, 7, 9, 11, 
13, 15, 17, 19 or 21 DIM (Metricheck, Simcro Tech Ltd, Hamilton, New Zealand). 
5 Subclinical hypocalcemia was determined by a plasma concentration ≤ 8.6 mg/dL on 
days -14 ± 2 and -7 ± 1 before expected calving and 3, 5, 7, 10, 14, or 21 DIM analyzed 
colorimetric spectrophotometry (University of Illinois Veterinary Diagnostic Lab 
Champaign, Illinois, USA). 
4 Day -145 and -76 were estimated based on expected calving date. 
5 Day -14 disease incidence was summed for all days between day -15 and day -11 before expected 
calving. 
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Precision dairy monitoring technology (PDM) can be used to monitor 
physiological, behavioral, and production changes during the transition period. The 
primary objective of this study was to describe how variables recorded by 5 wearable 
activity monitors, 2 parlor technologies, and 1 body weight scale, indicated increased 
odds of disease occurrence among transition cows. The secondary objective of this study 
was to use 5 wearable activity monitors, 1 parlor technology, and 1 body weight scale, to 
assess the sensitivity, specificity, and accuracy of any disease incidence, hyperketonemia, 
metritis, mastitis, hypocalcemia, and retained placenta (RP). Herd prepartum (14 d 
before calving to 2 d before calving) and postpartum (1 to 21 DIM) means and SEM were 
calculated for all technology variables (n = 46; MEANS procedure, SAS 9.4). A logistic 
regression model, using the GENMOD procedure of SAS with odds ratios, calculated the 
increased likelihood of a cow developing a disease based on 1 standard deviation 
difference from prepartum and postpartum variable means. The UNIVARIATE 
procedure of SAS was used to calculate the 10th and 90th percentile of each variable. A 
daily alert (Alert1) was generated for all variable deviations below the 10th percentile or 
above the 90th percentile from each technology. Alert1s were summed by technology 
(multivariate model 1) and most significant (P < 0.10) non-correlated univariable results 
(multivariate model 2) to generate alert 2. The UNIVARIATE procedure of SAS was 
used to evaluate the distribution of alert2s. Multivariable models ≥ 50th percentile, 
generated alert3. A 5 day (5D) backwards moving average was generated for each 
disease and alert3 using the EXPAND procedure of SAS. True positive rate (sensitivity) 




negatives. Technology F had the greatest sensitivity, specificity, and accuracy 
combination associated with disease (77%, 94%, and 88%, respectively) and metritis 
(77%, 51%, and 53%, respectively). Body weight, as measured by technology G was 
associated with hyperketonemia with a sensitivity of 85%, specificity of 93%, and 
accuracy of 91%. Models considering all technologies did not have a greater sensitivity, 
specificity, and accuracy than individual technologies. This suggests currently marketed 
individual technologies may be useful in detecting diseases. 
Precision dairy monitoring technology may be useful for assessing the association 
between prepartum and postpartum variables and disease. 




Precision dairy monitoring technology (PDM) can be used to monitor deviations 
in physiology, behavior, and production to improve individual or herd performance 
(Rutten et al., 2013; Bewley et al., 2017). Measuring rumination, feeding, standing, and 
lying time, body condition score (BCS), locomotion, calving time and ease, heart rate, 
milk yield, and milk components using PDM may provide helpful information for 
detecting metabolic diseases, lameness, and mastitis (O’Driscoll et al., 2008; Soriani et 
al., 2013; Calamari et al., 2014). 
Between 5 days before and 5 days after clinical diagnosis of hyperketonemia, 
metritis, and mastitis, cow activity decreased 50 to 160 min/d (P < 0.05; Stangaferro et 
al., 2016a,b,c). Cows with metritis ruminated less before and after clinical diagnosis of 
metritis (Liboreiro et al., 2015; Stangaferro et al., 2016c). Within two days of clinical 




production by 6 kg (Stangaferro et al., 2016b). Cows that ruminated ≤ 490 min/d 
prepartum, showed greater elevated blood ketone concentrations and a greater risk of 
developing at least one metabolic disease postpartum than cows that averaged 491 to 556 
min/d before parturition (Soriani et al., 2012; Calamari et al., 2014). Five days before 
clinical ketosis and displaced abomasum diagnosis, rumination time dropped 150 to 280 
min/d (P < 0.05; Stangaferro et al., 2016a). Cows with subclinical ketosis ruminated less 
(P < 0.05) between 0 and 8 days postpartum (Liboreiro et al., 2015). This suggests that 
PDM may be useful in assessing behavioral changes around parturition. 
Precision dairy monitoring technology are often assessed using sensitivity, 
specificity, and accuracy measurements. Sensitivity (Se) indicates the probability that a 
disease will be correctly classified as a disease (Hogeveen et al., 2010). Specificity (Sp) 
indicates the probability that a non-disease will be correctly classified as a non-disease 
(Hogeveen et al., 2010). Accuracy indicates the total number of correctly diagnosed 
disease and non-disease events (Iwersen et al., 2009). High Se alerts are frequently 
associated with low Sp alerts, and vice versa (Rutten et al., 2013). When Se is high and 
Sp is low, numerous cows without a disease are classified as having a disease (Hogeveen 
et al., 2010). When Sp is high and Se is low, numerous cows with a disease are classified 
as having no disease (Hogeveen et al., 2010). 
Precision dairy monitoring technology detected metritis with 55% Se versus 58% 
detection by pyrexia alone (Stangaferro et al., 2016c). Replacing or combining transition 
cow physical examinations with PDM may be beneficial to decrease associated labor, 
detect disease sooner, and increase detection Ac (Liboreiro et al., 2015). Clinical ketosis 




% (Stangaferro et al., 2016a). Precision dairy monitoring sensitivity increased 3 to 39% 
in cows diagnosed with one or more diseases (Stangaferro et al., 2016a;b;c), suggesting 
usability in transition cows afflicted with ≥ 2 diseases. The primary objective of this 
study was to describe how variables recorded by 5 wearable activity monitors, 2 parlor 
technologies, and 1 body weight scale, indicated increased odds of disease occurrence 
among transition cows. The secondary objective of this study was to determine the Se, 
Sp, and Ac PDM technologies based on alerts generated. Understanding and assessing 
the association of PDM with postpartum diseases may help to reduce disease length, 
severity, and cost of each disease incidence. 
MATERIALS AND METHODS 
 
The study was conducted under IACUC protocol number 2016-2368 at the 
University of Kentucky Coldstream Dairy from July 1, 2016 to May 29, 2017. The 
detailed description of the facilities, cow population, disease definition, and study design 
are detailed in the Materials and Methods of Chapter 2. Dry and fresh cow rations are 
listed in Table 2.1. 
Each cow was equipped with three accelerometers located on the left front, right 
rear, and right rear legs, an accelerometers on each ear, and a reticulorumen bolus (Table 
3.1) 4 weeks ± 1 week before calving. To protect privacy of each company, technologies 
were assigned and labeled as A to G using a random number generator. Technology A, 
located in the reticulorumen, recorded hourly reticulorumen temperature. Although 
technology A has not been specifically validated, other reticulorumen rumen bolus have 
been validated to directly assess reticulorumen temperature (Bewley et al., 2008). 




active time, non-active time, and high active time. Technology B was correlated to visual 
observation for rumination (r = 0.69) and feeding (r = 0.88) by Borchers et al. (2016). 
Pereira et al. (2018) was correlated to visual observation for not active (r = 0.65) and 
active (r = 0.20), suggesting need for further evaluation and skepticism with this data. 
Milk yield, milk fat percentage, milk protein percentage, milk lactose percentage, milk 
conductivity (mS/cm), and milking time were recorded by Technology C twice daily at 
each milking. Technology C was validated by Weller and Ezra (2016) versus genetics 
with correlations for milk production (r = 0.97), fat kg (r = 0.77), and protein kg (r = 
0.89). Technology D, located in the right ear, recorded hourly rumination time, active 
time, non-active time, high active time, and location within the treatment pen. 
Technology D was correlated to visual observation for rumination (r = 0.97) by (Borchers 
et al., 2016).  Because high active time is primarily used to determine standing heats, 
high active time, as measured by technologies B and D were included. 
Technology E, located on the left front leg, recorded steps (per day), walking 
time, lying time, standing time, and lie to stand bouts hourly. Technology E was 
exclusively validated by Van Erp-Van der Kooj (2017) and in conference proceedings. 
Further peer-reviewed validation must be conducted in the future. Technology F, located 
on the rear right leg, recorded twice daily activity, rest bouts, and lying time. Technology 
F was correlated to visual observation lying time (r = 0.99) by (Borchers et al., 2016). 
Technology F was further by (Mattachini et al., 2013) validated versus leg based 
accelerometer (HOBO Pendant G data logger, Onset Computer Corporation, Pocasset, 
MA, USA) for lying time (R2 ≥ 0.95) and lying bouts (R2 ≥ 0.72). Body weight was 




Technology G. Technology H, located on the right front, recorded activity, visits to the 
feedbunk, total time at the feedbunk, lying time, and lying bouts. Technology H was 
correlated to visual observation for time at the feedbunk (r = 0.93) and lying time (r = 
0.99) by (Borchers et al., 2016). An automatic temperature and humidity recording 
system (Vent Genie, AutoVent LLC, Oley, PA, USA) located between feed alley and 
compost bedded pack near roof monitored treatment pens’ temperature and humidity. 
Temperature Humidity Index was computed using the following standard formula: THI = 
temperature (⁰F) - [0.55 – (0.55 × relative humidity/100)] × [temperature (⁰F) – 58.8] 
(NOAA, 1976). 
Statistical Analysis and Editing 
 
Multiple models were developed to analyze the effect of PDM on detecting 
diseases, hyperketonemia, hypocalcemia, metritis, mastitis, and retained placenta (RP), as 
described in Chapter 2. All statistical analyses were conducted using SAS Version 9.4 
(SAS Institute Inc., Cary, NC, USA). Hyperketonemia, metritis, mastitis, hypocalcemia, 
and RP were summarized in a binomial distribution of no disease (0) and disease (1) by 
day, considering a cow positive for disease at all days post-diagnosis. The binomial 
distribution was classified as normal vaginal discharge (0) or abnormal vaginal discharge 
(1). Disease was summarized in a multinomial distribution of no disease (0), one disease 
(1), two diseases (2), and three or more diseases (≥ 3). All prepartum variables recorded 
by technologies B, D, E, and F were summed from 14 days before calving to 2 d before 
calving using the MEANS procedure of SAS (Table 3.3). Prepartum reticulorumen 
temperature (Technology A) was averaged by d from 14 to 2 days before calving (Table 




d using the MEANS procedure of SAS (Table 3.6). All variables recorded by technology 
A, C and F were averaged by d from 1 to 21 DIM (Table 3.6). 
If < 24 h/d and ≥ 18 h/d (75%) for any technology variable was present, the 
FREQUENCY procedure of SAS was used to adjust for missing data by linear 
interpolation. For example, if mean lying bouts for technology F between 0:00 to 22:00 
averaged 16b outs/d, the missing two h were interpolated from 16 bouts/d recorded over 
1320 min and multiplied by 24 h. If < 18 h/d/cow for a specific variable was available, 
data was considered missing. If any variable totaled < 0 h/d or ≥ 24.5 h/d, the data was 
considered missing or attributed to technology error, respectively, and removed from the 
data set. Technology D recorded all variables in 15 min intervals which can add 15 to 30 
total min to a d. If reticulorumen temperature was < 37.5 ºC (Wenz et al., 2011), a cow 
was considered to be drinking, observations were deleted from final data set. If fat to 
protein concentration as measured by Technology C was > 5 (indicating greater fat and 
minimal protein), data was considered invalid and deleted from the final data set. Mean 
fat to protein ratio across multiple studies ranged from 1.5 to 2.0 (Krogh et al., 2011; 
Toni et al., 2011), suggesting a ratio greater than 5 occurred with less than 0.001% 
chance of occurring (Krogh et al., 2011; Toni et al., 2011). 
Univariate logistical regression - GENMOD procedure 
 
The means and standard deviations of each prepartum variables were calculated 
based on all cows (n = 100) individual variability between 14 d before calving and 2 d 
before calving, using the MEANS procedure of SAS (Table 3.3). The 2 d before calving 
were removed due to high variability in cow behavior and physiology within 24 to 48 h 




postpartum variables were calculated based on all cows (n = 100) individual variability 
between 1 d and 21 d after calving, using the MEANS procedure of SAS (Table 3.6). 
A cow was considered positive for disease on day of positive disease diagnosis. 
For example, if a cow’s whole blood BHBA concentration was 8.13 mg/dL on days 2 and 
4 and 5.8 mg/dL on day 3, a cow was diagnosed with hyperketonemia on days 2 and 4, 
but not on day 3. Disease was classified as no disease (0), 1 disease (1), 2 diseases (2) or 
≥ 3 diseases (≥ 3) positively diagnosed on a given d. For example, a cow positive for 
hyperketonemia and hypocalcemia on day 10 would be classified as a 2 on d10 alone. 
Individual PDM prepartum and postpartum variables association with disease, 
hyperketonemia, metritis, mastitis, and hypocalcemia were assessed by logistical 
regression, using the GENMOD procedure of SAS, to account for categorical disease 
variables. Individual PDM prepartum variables association with RP was assessed by 
logistical regression, using the GENMOD procedure of SAS. Because RP occurrence is 
classified at ≥ 24 h, cows postpartum variables would not be significantly associated with 
RP. Cows were considered positive for disease, hyperketonemia, metritis, mastitis, 
hypocalcemia, and RP based on first day of positive diagnosis. An odds ratio indicating 
the likelihood that a cow would be afflicted with disease, hyperketonemia, metritis, 
mastitis, hypocalcemia, and RP was calculated for each variable based on a 1 standard 
deviation change from the calculated variable means of all cows (n = 100). For example, 
the standard deviation of technology G was 109.8 kg. If the individual technology 
variable (technology G) was significantly associated with hyperketonemia, for every 
109.8 kg increase in BW, a cow had a determined greater risk of developing 




ratios. Parity (primiparous or multiparous) and DIM (1 to 21) were retained in the model 
as covariates, regardless of significance. 
Multivariable logistical regression model by technology 
 
A multivariable logistical regression, GENMOD procedure of SAS, was used to 
assess association between disease, hyperketonemia, metritis, hypocalcemia, and mastitis 
based on all prepartum and all postpartum variables for each technology. For example, 
technology F measured activity (steps/day), lying time (h/day), and lying bouts 
(bouts/day) (Table 3.1). A multivariable model was then developed to determine the Se, 
Sp, and Ac of all prepartum and postpartum variables for each technology based on Tsai 
et al., (2017; Figure 3.1). 
Univariate logistical regression models with odds ratios were used to determine 
prepartum and postpartum technology variable deviations around disease, 
hyperketonemia, metritis, mastitis, and hypocalcemia as associated with each technology. 
For RP, only prepartum technology variable deviations were considered to generate 
alerts. The UNIVARIATE procedure of SAS was used to calculate the 10th and 90th 
percentile of each prepartum (Table 3.5) and postpartum (Table 3.8) variable. A daily 
alert (Alert1) was generated for each prepartum and postpartum variable deviation below 
the 10th percentile or above the 90th percentile from each technology by d, based on 
significant individual prepartum and postpartum univariate odds ratios. For example, a 
4.1 kg/d lower milk yield, recorded by technology C, increased the odds by 1.32 that a 
cow would be diagnosed with any disease (P < 0.01). Therefore, if a cow produced ≤ 4.2 




would be generated if milk production was > 47 kg/d (90th percentile), because only 
lower milk yield was associated with disease. 
For each technology, all daily alert1s generated by prepartum and postpartum 
variables per technology were summed to generate alert2. For example, if a cow was 10 
DIM, technology B could generate up to 5 individual postpartum alert1s daily, eating 
time, rumination time, not active time, active time, and high activity. If a cow generated 
2 alerts (one for < 10th percentile eating time, and one for > 90th percentile not active 
time) alert2 for that cow would equal 2. The UNIVARIATE procedure of SAS was used 
to evaluate the distribution of alert2s for each prepartum and postpartum technology 
variable from 14 to 2 d before calving (prepartum) and 1 to 21 DIM (postpartum). If 
alert2 (the sum of alert1s by d) was ≥ 50th percentile of a single variable, alert3 was 
generated. A 5 day (5D) backwards moving average was generated using the EXPAND 
procedure of SAS for disease, hyperketonemia, metritis, mastitis, and hypocalcemia to 
account for variation in blood and vaginal discharge monitoring from 1 to 21 DIM. A 5D 
backwards moving average was also generated using the EXPAND procedure of SAS for 
each postpartum technology variable to account for daily variability of each technology 
variable. For RP, no 5D backwards moving average was developed, because only 
prepartum variables were associated with RP. 
If alert 3 was generated and a cow was diagnosed with a disease within the 5D 
moving average, the data point was classified as true positive (TP). If alert 3 was 
generated, but a cow was not diagnosed with a subclinical disease within the 5D moving 
average, a cow was classified as false positive (FP). If alert 3 was not generated, but a 




was classified as false negative (FN).  If an alert 3 was not generated, and the cow was 
not diagnosed with a subclinical disease during that 5D moving average, the data point 
was classified as a true negative (TN). The FREQUENCY procedure of SAS was used to 
total the number of TP, FP, FN, and TN. Sensitivity, Sp, and Ac, as described by 
Hogeveen et al. (2010) and Iwersen et al.  (2009) can then be calculated from TP, FP, 
TN, and FN. 
Multivariable logistical regression model by disease 
 
A multivariable logistical regression, GENMOD procedure of SAS, was used to 
determine the association disease, hyperketonemia, metritis, mastitis, and hypocalcemia 
based on most significant pre- and postpartum individual variables, regardless of 
technology. Only most significant individual prepartum variables, regardless of 
technology, were considered to be associated with RP. Significant associative prepartum 
and postpartum variables (P < 0.10) generated through univariate logistical regression, 
were considered for multivariable models by disease, regardless of technology. For 
example, technology B rumination time and technology C milk yield were both 
significant (P < 0.10) associated with disease and were retained in the multivariable 
model. The CORR procedure of SAS was used to evaluate the relationship between all 
significant prepartum variables (RP model) and postpartum variables on disease, 
hyperketonemia, metritis, mastitis, and hypocalcemia. If r  0.60 (P < 0.05) then 
variables were considered moderately correlated, and the variable with the highest 
significance (primary criteria) and most data present (secondary criteria) was retained in 
the model. If multiple P values were equal, the FREQUENCY procedure of SAS was 




period variable. For example, prepartum eating time, recorded by technology B, and 
postpartum eating time, recorded by technology B, were significantly associated with 
disease (P < 0.03 and P < 0.01, respectively). Pre and post calving eating time were 
significantly correlated (P > 0.60). However, postpartum eating time was more 
significant than prepartum eating time, and therefore postpartum eating time was retained 
in the model. Regardless of significance, parity (primiparous or multiparous) and DIM 
were retained in all models. An odds ratio indicating the likelihood that a cow would be 
afflicted with disease, hyperketonemia, metritis, mastitis, hypocalcemia, and RP was 
calculated for each variable based on a 1 standard deviation change from the calculated 
variable means of all cows (n = 100) . 
RESULTS AND DISCUSSION 
 
Univariable models: Rumination and feeding variables 
 
Disease, hyperketonemia, metritis, mastitis, hypocalcemia, and RP incidence 
across parity are reported in Table 2.4 and described fully in Chapter 2. Mean body 
condition score and mean locomotion score are reported by parity, as indicated by Table 
3.3. Mean cow BCS and locomotion score from 14 d prepartum to 21 d postpartum were 
 
3.4 and 1.3, respectively. As reported in Chapter 2, over-conditioning at calving may 
also increase the risk of hyperketonemia (Walsh et al., 2007b; McArt et al., 2013; McArt 
et al., 2015). Recommended BCS at parturition was 2.75 to 3.25 (McArt et al., 2012), 
suggesting cows in this study had an elevated BCS around parturition. 
Significant (P < 0.05) univariable GENMOD results were reported by disease 
(Table 3.9), hyperketonemia (Table 3.10), metritis (Table 3.11), mastitis (Table 3.12), 




prepartum variables were analyzed to determine individual odds ratios for each variable. 
Postpartum rumination time as detected by technology B (Odds ratio = -1.57; 95% CI [- 
1.32 to -1.86]; P < 0.01) and D (Odds ratio = -1.27; 95% CI [-1.03 to -1.58]; P = 0.03) 
were associated with increased odds of developing any disease (Table 3.9). Postpartum 
rumination time as detected by technology B (Odds ratio = -1.34; 95% CI [-1.02 to - 
1.77]; P = 0.04) and D (Odds ratio = -1.46; 95% CI [-1.14 to -1.85]; P < 0.01) were 
associated with increased odds of developing hyperketonemia (Table 3.10). 
 
Stangaferro et al. (2016a) reported that cows with postpartum diseases ruminated 
less than healthy cows from 0 to 8 DIM, although rumination time did not differ 
significantly (P > 0.05) after diagnosis. The total incidence of hypocalcemia for this 
study was 56% for multiparous and primiparous cows, suggesting that lower rumination 
time may be associated with subclinical hyperketonemia. However, no differences were 
observed in postpartum rumination time of cows diagnosed with metritis or subclinical 
hypocalcemia. Liboreiro et al. (2015) and Stangaferro et al. (2016c) observed lower 
rumination time in cows diagnosed with metritis than healthy cows at 2 to 9 DIM. 
Similarly, Goff (2008) reported cows diagnosed with hypocalcemia decreased smooth 
muscle contraction, leading to lower eating and rumination times, and increased risk of 
other disease. Postpartum mean rumination time as measured by technology B and D 
was 8.25 ± 1.92 and 8.92 ± 2.63, respectively, suggesting that technology B and D 
measured rumination time similarly. Both technology B and D were validated versus 
visual observation by Borchers et al. (2016). As both technologies rely on variations in 





Prepartum rumination time as detected by technology D (Odds ratio = -1.41; 95% 
CI [-1.32 to -1.86]; P < 0.01) was associated with increased odds of developing any 
disease (Table 3.9). Prepartum rumination time as detected by technology B (Odds ratio 
= -2.16; 95% CI [-1.26 to -3.70]; P < 0.01) and D (Odds ratio = -2.44; 95% CI [-1.45 to - 
 
4.09]; P < 0.01) were associated with increased odds of developing hyperketonemia 
(Table 3.10). Prepartum rumination time as detected by technology B (Odds ratio = - 
1.39; 95% CI [-1.01 to -1.92]; P < 0.05) was associated with increased odds of 
developing metritis (Table 3.11). Prepartum rumination time as detected by technology 
D (Odds ratio = -1.27; 95% CI [-1.06 to -1.53]; P < 0.01) was associated with increased 
odds of developing mastitis (Table 3.12). Prepartum rumination time as detected by 
technology D (Odds ratio = -1.39; 95% CI [-1.01 to -1.91]; P = 0.04) was associated with 
increased odds of developing hypocalcemia (Table 3.13). 
In a study evaluating eating and rumination time among 100 cows, prepartum 
rumination time decreased from 14 days before expected calving to 1 day before calving 
among cows diagnosed with hyperketonemia, metritis, lameness, and RP (Braun et al., 
2017). No difference was observed in rumination time between cows diagnosed with any 
disease versus healthy cows (Braun et al., 2017). Schirmann et al. (2016), however, 
observed that cows diagnosed with disease ruminated less than healthy cows postpartum. 
Stangaferro et al. (2016b) also reported that cows with clinical mastitis ruminated about 
100 min less one d before mastitis diagnosis. Similarly, Calamari et al. (2014) observed 
that cows with lesser rumination time postpartum were slower to recover from decreases 




studies agrees with Calamari et al. (2014) and Schirmann et al. (2016) and suggests that 
prepartum rumination time is associated with all disease incidence, except RP. 
Prepartum eating time (Odds ratio = -1.28; 95% CI [-1.02 to -1.59]; P = 0.03) was 
only associated with increased odds of developing any disease (Table 3.9). Postpartum 
eating time was associated with increased odds of developing hyperketonemia (Table 
3.10; Odds ratio = -2.64; 95% CI [-1.67 to -4.17]; P < 0.01), metritis (Table 3.11; Odds 
ratio = -1.37; 95% CI [-1.04 to -1.80]; P = 0.03), mastitis (Table 3.12; Odds ratio = -1.23; 
 
95% CI [-1.05 to -1.44]; P < 0.01), and hypocalcemia (Table 3.13; Odds ratio = -1.54; 
 
95% CI [-1.05 to -2.26]; P = 0.03). 
 
Braun et al. (2017) observed that eating time was significantly greater eating 
time between 10 and 14 d prepartum, with postpartum eating time vary from days 2 to 30 
postpartum. Neave et al. (2018) reported no difference in prepartum feeding behavior 
between cows later diagnosed with metritis. Cows later diagnosed with metritis and 
subclinical hyperketonemia ate less than healthy cows (Neave et al., 2018). Around 
parturition, sufficient feed intake must occur to prevent excess mobilization of NEFA and 
reduce the oxidation of ketone (Ingvartsen, 2006; Gordon et al., 2013). Dry matter intake 
among cows diagnosed with metritis decreased during the first week after parturition, and 
4 kg/d less for ≤ 21 DIM (Hammon et al., 2006). Additionally metritis is related to 
immunosuppression around parturition, but among cows under negative energy balance 
there may be at a greater risk of developing metritis (Ospina et al., 2010; Stangaferro et 
al., 2016c). Decreased eating time, as observed within this study, is associated with 




balance. Postpartum eating time may be associated with specific disease diagnosis, 
although postpartum eating time was not associated with generalized disease model. 
Univariable models: Lying behavior and non active time 
 
Prepartum lying bouts (Odds ratio = -1.28; 95% CI [-1.02 to -1.60]; P = 0.04) was 
associated with increased odds of developing any disease (Table 3.9). Postpartum 
nonactive time as measured by technology B (Odds ratio = 1.53; 95% CI [1.29 to 1.82]; P 
< 0.01) and technology D (Odds ratio = 1.46; 95% CI [1.17 to 1.82]; P < 0.01) was 
associated with increased risk of developing any disease (Table 3.9). Prepartum and 
postpartum non-active time as measured by technology B and D was associated with 
increased risk of hyperketonemia (prepartum technology B: Odds ratio = 1.99; 95% CI 
[1.24 to 3.19]; P < 0.01; prepartum technology D: Odds ratio = 2.68; 95% CI [1.79 to 
4.01]; P < 0.01; postpartum technology B: Odds ratio = 1.55; 95% CI [1.23 to 1.95]; P < 
 
0.01; and postpartum technology D: Odds ratio = 1.57; 95% CI [1.35 to 1.83]; P < 0.01), 
as reported in Table 3.10. Similarly prepartum lying time as measured by technology D 
was associated with hyperketonemia (Odds ratio = 1.80; 95% CI [1.07 to 3.01]; P = 0.03) 
and postpartum lying time as measured by technology E (Odds ratio = 5.72; 95% CI 
[5.96 to 548.1]; P < 0.01). 
Postpartum lying time was associated with increased odds of developing metritis 
(Table 3.11; Odds ratio = 1.41; 95% CI [1.11 to 1.95]; P = 0.04). Postpartum no active 
time was also associated with increased odds of developing hypocalcemia (Table 3.12; 
Odds ratio = 1.22; 95% CI [1.09 to 1.37]; P < 0.01). Similarly to disease, postpartum 
lying bouts was associated with increased odds of developing hypocalcemia, as measured 




= -4.2; 95% CI [1.02 to 1.38]; P = 0.03), as shown in Table 3.12. Prepartum lying bouts 
was associated with increased odds of developing mastitis (Table 3.13; Odds ratio = 1.27; 
95% CI [1.14 to 1.41]; P < 0.01). 
Stangaferro et al. (2016c) observed that cows with clinical hyperketonemia, 
metritis, and mastitis decreased activity versus healthy cows. In our study, lying and non 
active time was measured by 5 PDM technologies (Technologies B, D, E, F, and H). 
However, these technologies are not equivalent. Technologies B and D measure 
nonactive time using ear movement. Technologies E, F, and H were measured using leg 
based accelerometers, based on leg movement and changes occurring in the X, Y, and Z 
plane (Rutten et al., 2013). However, each technology uses a specific and individualized 
equation to calculate each variable (Rutten et al., 2013; Bewley et al., 2017), suggesting 
that variations between technology may be attributed to individual occasions. 
In addition to disease status, other compounding variables may contribute to 
variation in prepartum and postpartum lying time. Primiparous cows with subclinical 
hyperketonemia did not differ in lying time or lying bout frequency (Kaufman et al., 
2016). However, multiparous cows with subclinical hyperketonemia spent more time 
lying than healthy cows within in the first week postpartum (Kaufman et al., 2016). 
Sepúlveda-Varas et al. (2014) observed that primiparous cows with ≥ 1 disease had 
greater lying times than healthy cows on d 3 and 4 post-calving. Neave et al. (2018) 
found that prepartum lying time among healthy cows was greater than cows with 
prepartum metritis. However, this was not universally observed by disease. Cyples et al. 




of challenge (P < 0.01). Differences by technology and disease may be associated with 
herd specific environmental conditions, parity, and technology version. 
In our study, subclinical mastitis was exclusively recorded. Subclinical mastitis 
often has no symptoms except elevated SCC (Royster and Wagner, 2015). Additionally, 
mean prepartum lying and not active time ranged from 10.9 to 14.4 h/d and 6.97 to 7.30 
h/d, respectively, and postpartum lying time and not active time ranged from 9.55 to 
15.29 h/d and 7.17 to 7.57 h/d, respectively. As mentioned, lying and not active time 
varied both by individual cows and by technology. Further research should explore the 
association between PDM and changes in variable associated with each disease. 
Univariable models: Active and standing time 
 
As with rumination time, postpartum active time was associated with increased 
odds of developing disease for technology B (Odds ratio = -1.37; 95% CI [-1.20 to - 
1.56]; P < 0.01) and technology D (Odds ratio = -1.36; 95% CI [-1.09 to -1.71]; P < 
0.01), as described in Table 3.9. Postpartum active time and standing time were 
associated with increased odds of developing subclinical hyperketonemia using 
technologies D (Odds ratio = -1.45; 95% CI [-1.21 to -1.73]; P < 0.01) and E (Odds ratio 
= -1.80; 95% CI [-1.30 to -2.50]; P < 0.01), respectively. Prepartum active and standing 
time were associated with increased odds of subclinical hyperketonemia (Technology D; 
Odds ratio = -3.07; 95% CI [-1.76 to -4.33]; P < 0.01) and (Technology E; Odds ratio = - 
1.88; 95% CI [-1.02 to -3.49]; P = 0.04), respectively. Postpartum active time was 
associated with increased odds of developing metritis using technologies D (Odds ratio = 




increased odds of developing subclinical hypocalcemia using technologies B (Odds ratio 
 
= -1.13; 95% CI [-1.01 to -1.27]; P = 0.03). 
 
Bikker et al. (2014) reported a high correlation (r = 0.73) between visual 
observation and active time for technology B. Among cows with clinical 
hyperketonemia, standing time was greater than healthy cows (Itle et al., 2015). 
Stangaferro et al. (2016a) reported that daily activity was significantly lower in cows with 
postpartum disease on the day of diagnosis. Jawor et al. (2012)reported cows with 
subclinical hypocalcemia spent more time standing on d before calving than cows 
without subclinical disease. Stangaferro et al. (2016c) similarly reported that cows with 
metabolic or immunosuppression diseases spend less active time than cows without 
clinical disease. Similarly, cows diagnosed with clinical hyperketonemia tended to stand 
longer up to 2 weeks before disease diagnosis (P = 0.06) (Itle et al., 2015). One week 
before calving, cows later diagnosed with clinical hyperketonemia spent more time/h 
standing (P < 0.01) (Itle et al., 2015). Within the first week post-calving, the interaction 
of hyperketonemia status (positive or negative) and hour of the d was a significant effect 
on standing time (P < 0.05) (Itle et al., 2015). Determining the association of activity as 
measured using PDM and subclinical disease must be further explored as individual 
variables and in combination with other variables. 
Univariable models: Milk yield, components, and time 
 
Milk yield (Odds ratio = -1.32; 95% CI [-1.15 to -1.52]; P < 0.01), fat to protein 
(Odds ratio = 1.10 95% CI [1.01 to 1.20]; P = 0.03) and milking time (Odds ratio = -1.25; 
95% CI [-1.12 to -1.39]; P < 0.01) were associated with increased odds of developing a 




[1.04 to 1.21]; P < 0.01) and milk lactose % (Odds ratio = 1.99; 95% CI [1.58 to 2.51]; P 
 
< 0.01) were associated with increased odds of developing metritis (Table 3.11). Milk 
lactose % (Odds ratio = 1.24; 95% CI [1.11 to 1.38]; P < 0.01) and milking time (Odds 
ratio = -1.23; 95% CI [-1.07 to -1.42]; P < 0.01) were associated with increased odds of 
developing subclinical hypocalcemia (Table 3.12). 
Walsh et al. (2007b) observed that elevated fat to protein ratio can be indicative of 
NEB and excessive fat mobilization. Elevated milk lactose % also indicates NEB and 
excessive glucose loss to milk (Mulligan et al., 2006). Jawor et al. (2012) reported that 
cows diagnosed with subclinical hypocalcemia produced more milk during weeks 2 to 4 
postpartum (P < 0.05), potentially increasing milking time. However, among cows with 
subclinical hypocalcemia milk losses is not universal. Chamberlin et al. (2013) observed 
no difference in mean peak milk yield among cows with and without hypocalcemia. 
Additionally, no difference was observed in fat %, protein %, and solids-not-fat standard 
milk was observed between cows with and without hypocalcemia (Chamberlin et al., 
2013). In our study, decreased milking time was associated with disease and 
hypocalcemia. Decreased milking time may be associated with lower water 
consumption, decreased muscle elasticity, and thus slower milk let down. Jawor et al. 
(2012) reported that cows with subclinical hypocalcemia had about 2 less visits to the 
water trough than healthy cows. However, in our study, 88% (n = 88) cows were 
diagnosed with subclinical hypocalcemia (Table 2.4). This high incidence of 





Milk conductivity (Odds ratio = 2.72; 95% CI [1.56 to 4.75]; P < 0.01) was 
associated with increased odds of developing mastitis (Table 3.13). A 1.8 mS/cm greater 
milk conductivity increased the odds by 2.72 that a cow would be diagnosed with mastitis 
(Table 3.13). Norberg et al. (2004) and Fosgate et al. (2013) suggested electrical 
conductivity (mS/cm) may serve as a diagnostic tool for mastitis. Electrical conductivity 
(mS/cm) measures the concentration of Na+ and Cl- in a composite sample (Kitchen, 
1981), which increases in cows with infection (Norberg et al., 2004). In our research, 
association between electrical conductivity and mastitis suggests that conductivity, as 
measured by Technology C, may be a valid way to assess SCC without direct milk 
collection. 
Univariable models: Reticulorumen temperature and body weight 
 
Reticulorumen temperature was only associated with hypocalcemia (Odds ratio = 
 
-1.61; 95% CI [-1.04 to -2.52]; P < 0.03), as described in table 3.13. Goff (2008) 
suggested that cows with hypocalcemia may be associated a reduction in temperature 
within 24 h of diagnosis. This suggests that within our study, pyrexia did not occur with 
mastitis and metritis. Across multiple studies, pyrexia has been associated with 
immunosuppression during the transition period (Stangaferro et al., 2016c). Our study 
only evaluated subclinical disease incidence, so no clinical symptoms including pyrexia 
were observed directly. 
Body weight was only associated with metritis (Odds ratio = -1.49 95% CI [-1.06 
to -2.09]; P < 0.05), as described in table 3.11. Giuliodori et al. (2013) reported cows 
with metritis had a lower BCS at parturition (2.58) than healthy cows (2.67) on a 1.0 to 




before metritis diagnosis. In our study, as described in Chapter 2, body condition score 
declined from mean score 3.6 to 3.1 between initial enrollment and study completion. 
Further research should examine how body weight changes between around parturition, 
as assessed with daily monitoring via PDM. 
Univariable models: THI 
 
THI was associated with disease (Odds ratio = -1.48; 95% CI [-1.18 to -1.86]; P < 
0.01) and hypocalcemia (Odds ratio = -1.42; 95% CI [-1.19 to -1.54]; P < 0.01), as 
described in table 3.9 and 3.13. Variations in pre-calving THI represent seasonal 
variation. Previous research suggested that increased THI during heat stress decreased 
feeding time, rumination time, and active time (West, 2003). Like in heat stress 
conditions (Nelson et al., 2016) , around parturition an animal struggles to make the 
physiological changes necessary to prevent immunosuppression and NEB (DeGaris and 
Lean, 2008). In this study, pre-calving THI was not significantly correlated (r ≤ 0.40) to 
pre-calving eating time (technology B), rumination time (technologies Band D), active 
time (Technology B), or activity (technologies E and F). Technology B pre-calving 
active time was moderately correlated (r = 0.53) to pre-calving THI. Therefore, the 
disagreement in active time between technologies B and D may further be attributed to 
pre-calving THI. Understanding the relationship of THI and PDM around parturition 
must be further explored considering periods of both heat stress and cold stress. In 
Kentucky, high humidity and high heat conditions can occur for up to 10 months each 
year (West, 2003), but periods of cold can occur each year. Yearly THI variation should 





Multivariable models by each technology 
 
Univariable models (Tables 3.9 to 3.13) were used to determine the association 
between subclinical disease prevalence and individual technology variables. However, 
current technologies listed do not allow for manipulation, in which, for example, a single 
variable from technology B could be joined with technology C. Therefore, it is critical to 
assess how total variables measured by each technology affects sensitivity, specificity, 
and accuracy of each technology. Notably, because technology C, F, and G are produced 
by the same anonymous company, so variables were considered individually and in 
combination (Table 3.14). 
Oetzel (2004) and Gordon et al. (2013) have suggested that because subclinical 
diseases do not display easily recognizable symptoms, greater Se may be more beneficial 
to reduce underdiagnosing subclinical disease. A 5D detection window was created to 
detect disease within 5 days, the day of diagnosis and the 4 days preceding the disease 
diagnosis. A 1 d, 2 d, 3 d, 4 d, 5 d, and 7 d, backward moving average were attempted to 
generate the greatest technology Se, Sp, and Ac. A 5 d window was chosen based on the 
highest Se, Sp, and Ac combinations.  Tsai (2017) conducted research at the University 
of Kentucky Coldstream Dairy in previous year, and similarly reported greatest Se, Sp, 
and Ac using a 5 d window. However, Tsai (2017) only evaluated disease incidence on 4 
days between days 1 and 21, suggesting the best ratio between frequency of evaluation 
and greatest Se, Sp, and Ac must be determined. 
Technology F had the greatest Se associated with disease, hyperketonemia, and 
metritis. Technology A showed the greatest Sp for all diseases. However, as previously 




models (Tables 3.9, 3.12, and 3.13). During the prepartum and postpartum period, 
technology A had 36.7% and 41.9% missing data, respectively. Additionally, during the 
prepartum and postpartum period technology F was missing 16 to 17% of all data and 
21% of activity data, respectively. Because cows had a high disease incidence (Table 
2.4), missing data from specific cows may contribute to technology F’s insignificance in 
individual models. For example, if data was missing or reduced from the 12% (n = 12) of 
cows not diagnosed with subclinical hypocalcemia, significance within univariable model 
would be effected. 
Technology D had the greatest Se associated with hypocalcemia and metritis. 
Technologies C, C + F, and C + F + G, showed the highest Se associated with metritis. 
Technology E and F had 86 and 83 % Se, respectively, associated with mastitis, 
suggesting that an activity leg tag may also be useful for predicting mastitis. Although 
technology B was significant in all models, Se, Sp, and Ac were moderately associated 
with disease and metritis. In general, a small sample size containing few healthy cows 
may explain the lower Se, Sp, and Ac of all technologies. Iwersen et al. (2009) suggested 
that insufficient population without hyperketonemia may skew Se, Sp, and Ac, as a single 
inaccuracy may overestimate poor model fit. Future research evaluating these variables 
must include sufficient disease negative animals to allow accurate conclusion drawn. 
Developed multivariate models 
 
Although impossible given current manufactured challenges, we strove to 
determine if using individual variables from multiple technologies could be used to 
increase Se, Sp, and Ac for each postpartum disease. These methods have previously 




created for disease (Table 3.15), hyperketonemia (Table 3.16), metritis (Table 3.17), 
mastitis (Table 3.18), hypocalcemia (Table 3.19), and RP (Table 3.20) considering 
univariable models previously described. Because multiple variables were measured by 
multiple PDM, all developed models included non-highly correlated (r ≤ 0.60) variables 
with a P value < 0.10. 
Disease (Table 3.15) was associated with rumination time, eating time, and 
activity (Technology B), fat to protein ratio, and milk yield (Technology C). As in the 
univariate model, cows without subclinical disease were 1.4 times more like to eat 97.3 
more min/d, and 1.5 times more likely to ruminate 115.6 more min/d (P < 0.01). Cows 
with subclinical disease were 1.12 times less likely to produce an additional 5.99 kg/d 
(Table 3.15). Benzaquen et al. (2007), Goff (2008), and McArt et al. (2012) suggested 
metabolic and immunosuppression diseases have been associated with decreased milk 
production. Although cows with clinical hypocalcemia may produce more milk (Jawor et 
al., 2012), variation in milk production may vary more by disease and severity (Duffield 
et al., 2009; Stangaferro et al., 2016c). Cows will allocate nutrients to milk production 
before body adipose tissue maintenance, causing NEB postpartum (Fenwick et al., 2008), 
suggesting a complex relationship between eating time, milk production, and fat to 
protein ratio. In the multivariable developed model, activity as measured by technology 
B was no longer a significant associated with disease. However, as previously described, 
variations in behavior may largely attributed to difference by disease and PDM. 
When considering the multivariable model for hyperketonemia, no variables 
remained significant (Table 3.16). Because cows were diagnosed based on subclinical 




studies, physiological and behavioral changes have been noted. McArt et al. (2012) 
observed cows with hyperketonemia had decreased dry matter intake, body condition 
score, and milk production. Itle et al. (2015) reported cows with clinical ketosis spent 
more time standing than cows without clinical hyperketonemia. In our study, the 
univariable models included eating and rumination time, variables directly associated 
with negative energy balance. This suggests the relationship between subclinical 
hyperketonemia and PDM may be more complicated than single variables assessed in this 
trial. 
As in the univariate models, rumination time and eating time (Technology B) 
remained significantly associated with metritis (Table 3.17). As eating and rumination 
time increased by 115.6 and 97.3 min/d, respectively, a cow was 1.5 to 1.6 times more 
likely to be healthy (P = 0.01). Liboreiro et al. (2015) reported rumination time was not 
significantly different between cows with and without metritis. However, cows with 
metritis ruminated significantly less 2 to 9 days postpartum compared to healthy cows 
(Liboreiro et al., 2015). In our study, cows that produced 0.5% less milk lactose than 
healthy cows were 2.28 times more likely to suffer from metritis. Liboreiro et al. (2015) 
observed cows with negative energy, as diagnosed by subclinical ketosis, ruminated 
significantly less from 0 to 8 DIM. As previously noted in the univariate models, activity 
and body weight were significantly greater in cows without metritis (P < 0.05). Cows 
with clinical metritis display symptoms of lethargy and dull appearance (Drillich et al., 
2001; Sheldon et al., 2006), likely reducing a cow’s activity. Within the univariable 
model calculated in our study, activity and lying time were significantly associated with 




conducted to explore the relationship between PDM and active or inactive behavior of 
immunosuppressed cows. 
Conductivity (mS/cm) remained significantly associated with mastitis (Table 
3.18), suggesting that conductivity (mS/cm) was an accurate diagnostic tool (Norberg et 
al., 2004). As conductivity (mS/cm) increased by 1.8 mS, a cow was 3.32 times more 
likely to have mastitis. However, eating time and rumination time was no longer 
significantly associated with mastitis. No activity (Technology B) and % lactose 
(Technology C) remained significantly greater (P < 0.05) in cows diagnosed with 
subclinical hypocalcemia (Table 3.19). A cow with hypocalcemia was 1.33 times more 
likely to have 165.9 no activity min/d than cows without hypocalcemia. Milking time 
(Technology C), lie to stand bouts (Technology E) and THI remained significantly 
greater in cows without hypocalcemia. To better assess the ability technologies to detect 
RP before calving, only dry cow variables were analyzed (Table 3.20). Dry period 
activity (Technology B) was used to evaluate the risk of a cow developing RP. However, 
dry period activity did not remain significant. Although 11% of cows were afflicted with 
RP, the small total sample size (n = 100) may explain why further dry period variables 
were not significant. As observed with disease, subclinical hyperketonemia, metritis, 
subclinical mastitis, subclinical hypocalcemia, and RP, variables included in models 
changed between univariable and multivariable models. 
Sensitivity, Sp, and Ac, were evaluated for the developed disease, 
hyperketonemia, metritis, mastitis, hypocalcemia and RP model (Table 3.21). Developed 
disease model Se was greater than 5 technologies, but less than technologies D, E, F, and 




model, like technologies D and E, included 5 variables, suggesting that more variables 
did not necessarily increase the Se. The disease model also required 1 wearable and 1 
parlor technology, increasing the cost to the producer. Hyperketonemia Se (87%) was 
less than technologies D, E, and F, but only required one variable from technology D. 
Hyperketonemia may therefore may be associated with an accelerometer alone. 
Detection of metritis required 4 technologies and did not have a better Se, Sp, or Ac than 
technologies D, E, or F. Hypocalcemia Se was less than technologies D and F, but 
required 4 distinct technologies to generate an 85% Se. Mastitis was detected by 
conductivity (mS/cm) alone (Technology C). However, technology C’s four other 
variables helped to increase mastitis S Milking time, lactose %, eating time, rumination 
time, and activity variables were significantly associated with ≥ 1 disease (Table 3.22). 
No single technology on this study recorded all of these variables together. The 
combination of multiple variables may be useful in determining PDM variables 
associated with disease. Further exploration in milking variables (milk yield, lactose %, 
milking time, and conductivity) combined with an activity measurement (high activity, 
lying bouts, activity), and eating or rumination time, may help to detect greater 
physiological and behavioral changes associated with postpartum diseases. Individual 
cow variability may account for lower Se, Sp, and Ac among models. 
Results from this study must be interpreted with some caution. Only 100 cows 
were evaluated between 14 d prepartum and 21 d postpartum. Few healthy cows (n = 1) 
and more than 50% of cows with ≥ 3 diseases (n =54) may explain some variability in 
models. Subclinical hypocalcemia incidence within the studied herd was 88%, indicating 




models may been skewed and new variables may become significant. Further research 
must be conducted with a balanced population. Additionally, finalized built 
multivariable models had to be edited to reduce collinearity. Within univariable models 
one variable as measured by two technologies could be moderately correlated (r ≥ 0.60), 
resulting in the removal of the variable with the lesser significance and data available. 
This system of removing correlated variables may have caused shifts in results to certain 
technologies with greater data present. Further research exploring multiple PDM should 




Precision dairy monitoring technologies may serve as disease, hyperketonemia, 
metritis, mastitis, hypocalcemia, and RP prediction tool. Although many PDM are 
currently marketed, little research has explored using PDM for disease detection alone. 
Determining the most significant indicators of disease may help to develop better variable 
combinations to enhance the Se, Sp, and Ac of disease detection.  Using PDM variables 
to indicate disease, hyperketonemia, metritis, mastitis, hypocalcemia, and RP, in addition 
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Table 3-1. Precision dairy monitoring technology variables considered in univariate and 
multivariate models to evaluate any disease1. 
 
Technology A Reticulorumen bolus 
Reticulorumen temperature 
(˚C)1 
  Rumination time (h/d) 
Technology B Left ear tag 
Eating time (h/d) 
Time not active (h/d) 
  Time active (h/d) 
  Milk yield (kg/d) 
  Fat to protein ratio 
Technology C Within parlor Lactose (%) 
  Milking time (h/d) 
  Conductivity (mS/cm) 
  Rumination time (h/d) 
Technology D Right ear tag 
Lying time (h/d) 
Time not active (h/d) 
  Time active (h/d) 
  Steps (steps/d) 
  Walking time (h/d) 
Technology E Left front leg tag Standing time (h/d) 
  Lying time (h/d) 
  Lie to stand (bouts/d) 
  Activity (steps/d) 
Technology F Right rear leg tag Rest time (h/d) 




Immediately upon exiting 
parlor 
 
Body weight (kg/d) 
Vent Genie7  
Curtains within each pen 
 




1 Disease was defined as 0, 1, 2, or ≥ 3 diseases during the transition period. 
2 Variables only monitored from 1 to 21 DIM. 
3 Technology A was averaged from 14 days before calving to 2 days before calving for prepartum 
period and by d for postpartum. 
4 Variables were summed from 14 days before calving to 2 days before calving for prepartum 
variables and by d for postpartum variables. 
5 Technologies C and G were only recorded during postpartum. Variables were summed by d. 6 
Variables measured using technology D can occur simultaneously. For example, a cow could 
ruminate and lie at the same time. 
7 HOBO External Temperature/Relative Humidity Data Logger-U-23-002 recorded temperature 
and humidity every 15 min from June 15, 2016 to August 14, 2016. 
8 Vent Genie recorded hourly temperature and humidity from August 14, 2016 to May, 29, 2016. 





Table 3-2. Mean and SEM of weekly body condition and locomotion score for 
primiparous, multiparous, and total cows as collected on d 14 before expected calving, d 

























1 59 3.4 53.20% 0.40 1.2 15.50% 0.36 
≥ 2 41 3.5 60.10% 0.55 1.4 40.90% 0.49 
Total 100 3.4 56.70%  1.3 26.50%  
 
 
1 Parity was reported as primiparous (1), multiparous (≥ 2), or total parity (≥ 1). 
2 Mean weekly body condition was scored on a 1.0 to 5.0 scale in 0.25 increments 
(Ferguson et al., 1994) by one trained observer. 
3 Cows with a BCS on days 14 and 7 before expected calving and days 1, 7, 14, and 21 
postpartum ≥ 3.50 (categories 3 and 4) were considered over conditioned ((McArt et al., 
2013)). 
4 Mean weekly locomotion was scored on a 1 to 3 scale in 1 unit increments (NMPF, 
2016). 




Table 3-3. Mean and standard deviation for all variables from -14 to -2 DIM1 precision 
dairy monitoring technology variables using the MEANS2 procedure of SAS. 
 
 












  temperature (˚C)  
39.3 0.40 
Technology B4 Rumination time (h/d) 7.96 1.49 
 Eating time (h/d) 3.29 1.46 
 Time not active (h/d) 6.97 2.34 
 Time active (h/d) 3.11 1.24 
Technology D4, 5 Rumination time (h/d) 8.08 1.88 
 Lying time (h/d) 14.4 3.12 
 Time not active (h/d) 7.30 2.47 
 Time active (h/d) 15.68 2.27 
Technology E4 Steps (steps/d) 3552.70 1293 
 Walking time (h/d) 0.64 0.29 
 Standing time (h/d) 12.24 3.30 
 Lying bouts (bouts/d) 11.00 3.40 
 Lying time (h/d) 11.12 3.40 
Technology F4 Activity (steps/d) 159.00 60.40 
 Lying time (h/d) 10.85 3.42 
 Lying bouts (bouts/d) 12.40 20.60 
HOBO External    
Temperature/ Relative Humidity    
Data Logger – U23-002 Onset    
Computer Corporation, Bourne, 
MA6 
   
Vent Genie THI (d)8   




1 Prepartum was defined as the 14 days before calving to 2 days before calving. 
2 The MEANS procedure of SAS was used to calculate the mean and standard deviation 
of all technology variables from 14 days before calving to 2 days before calving. 
3 Technology A was averaged from 14 days before calving to 2 days before calving for 
prepartum period. 
4 Variables were summed from 14 days before calving to 2 days before calving for 
prepartum variables. 
5 Variables measured using technology D can occur simultaneously. For example, a cow 
can be ruminating and lying at the same time. 
6 HOBO External Temperature/Relative Humidity Data Logger-U-23-002 recorded 
temperature and humidity every 15 min from June 15, 2016 to August 14, 2016. 
7 Vent Genie recorded hourly temperature and humidity from August 14, 2016 to May, 
29, 2016. 
8 THI = temperature (⁰F) - [0.55 – (0.55 × relative humidity/100)] × [temperature (⁰F) – 




Table 3-4. Total hourly percentage of data1 present per precision dairy 
monitorintechnology during from -14 to -2 DIM 2 as calculated by FREQUENCY3 
procedure of SAS 9.4. 
 
 












Technology B4 Rumination time (h/d) 90.10% 
 Eating time (h/d) 90.10% 
 Time not active (h/d) 90.10% 
 Time active (h/d) 90.10% 
Technology D4, 5 Rumination time (h/d) 88.00% 
 Lying time (h/d) 88.00% 
 Time not active (h/d) 88.00% 
 Time active (h/d) 88.00% 
Technology E4 Steps (steps/d) 96.60% 
 Walking time (h/d) 94.50% 
 Standing time (h/d) 96.60% 
 Lying bouts (bouts/d) 95.60% 
 Lying time (h/d) 95.60% 
Technology F4 Activity (steps/d) 84.00% 
 Lying time (h/d) 83.00% 
 Lying bouts (h/d) 83.00% 
HOBO External Temperature/Relative   
Humidity Data Logger – U23-002   
Onset Computer Corporation, Bourne, MA6   
Vent Genie7   




1 Data was considered present if there was >18 h/d/cow for any technology variable 
(Table 3.1). 
2 Prepartum was defined as 2 weeks before calving to 2 days before calving. 
3 Technology A was averaged from 14 days before calving to 2 days before calving for 
prepartum data. 
4 Variables were summed from 14 days before calving to 2 days before calving for 
prepartum variables. 
5 Variables measured using technology D can occur simultaneously. For example, a cow 
can be ruminating and lying at the same time. 
6 HOBO External Temperature/Relative Humidity Data Logger-U-23-002 recorded 
temperature and humidity every 15 min from June 15, 2016 to August 14, 2016. 
7 Vent Genie recorded hourly temperature and humidity from August 14, 2016 to May, 
29, 2016. 
8 THI = temperature (⁰F) - [0.55 – (0.55 × relative humidity/100)] × [temperature (⁰F) – 




Table 3-5. 10th and 90th percentiles1 for all hourly from -14 to -2 DIM 2 period precision 
dairy monitoring technology variables using the UNIVARIATE3 procedure of SAS. 
 







  (˚C)  
38.8 39.7 
Technology B5 Rumination time (h/d) 6.28 9.54 
 Eating time (h/d) 1.59 5.07 
 Time not active (h/d) 4.39 9.61 
 Time active (h/d) 2.13 4.33 
Technology D5, 6 Rumination time (h/d) 5.60 9.95 
 Lying time (h/d) 14.45 18.80 
 Time not active (h/d) 4.62 9.82 
 Time active (h/d) 12.92 17.76 
Technology E5 Steps (steps/d) 2534 5423 
 Walking time (h/d) 0.40 0.95 
 Standing time (h/d) 7.93 15.50 
 Lying bouts (bouts/d) 7.80 14.00 
 Lying time (h/d) 7.64 15.30 
Technology F5 Activity (steps/d) 103.60 216.80 
 Lying time (h/d) 7.00 4.97 
 Lying bouts (bouts/d) 7.00 4.20 
HOBO External    
Temperature/ Relative Humidity    
Data Logger – U23-002 Onset    
Computer Corporation, Bourne, 
MA11 
   




1 10th and 90th percentile were used to generate alerts for any disease based on 
multivariate GENMOD for each disease. 
2 Prepartum was defined as 2 weeks before calving to 2 days before calving. 
3The UNIVARIATE procedure of SAS was used to calculate 10th and 90th percentiles for 
each variable from 14 days before calving t 2 days before calving. 
4 Technology A was averaged from 14 days before calving to 2 days before calving for 
prepartum data. 
5 Variables were summed from 14 days before calving to 2 days before calving for 
prepartum variables. 
6 Variables recorded using technology D can occur simultaneously. For example, a cow 
could be ruminating and lying at the same time. 
7 HOBO External Temperature/Relative Humidity Data L 
.ogger-U-23-002 recorded temperature and humidity every 15 min from June 15, 2016 to 
August 14, 2016. 
8 Vent Genie recorded hourly temperature and humidity from August 14, 2016 to May, 
29, 2016. 
9 THI = temperature (⁰F) - [0.55 – (0.55 × relative humidity/100)] × [temperature (⁰F) – 




Table 3-6. Mean and standard deviation for all variables for all 21 days postpartum1 for 
precision dairy monitoring technology variables using the MEANS2 procedure of SAS. 
 









  (˚C)  
38.9 0.50 
Technology B4 Rumination time (h/d) 8.25 1.92 
 Eating time (h/d) 3.09 1.62 
 Time not active (h/d) 7.17 2.76 
 Time active (h/d) 3.00 1.24 
Technology C3 Milk yield (kg/d) 11.56 5.99 
 Fat to protein ratio 1.20 0.20 
 Lactose (%) 4.50 0.50 
 Milking time (h/d) 0.09 0.04 
 Conductivity (mS/cm) 8.10 1.80 
Technology D4, 5 Rumination time (h/d) 8.92 2.63 
 Lying time (h/d) 15.29 3.08 
 Time not active (h/d) 7.57 3.23 
 Time active (h/d) 15.02 2.96 
Technology E4 Steps (steps/d) 4158.4 1129 
 Walking time (h/d) 0.82 0.24 
 Standing time (h/d) 13.41 2.67 
 Lying bouts (bouts/d) 11.8 4.30 
 Lying time (h/d) 9.76 2.79 
Technology F4 Activity (steps/d) 6602.7 3487.0 
 Lying time (h/d) 9.55 3.10 
 Lying bouts (bouts/d) 11.10 4.20 
Technology G3 Body weight (kg/d) 699 110 
HOBO External    
Temperature/ Relative Humidity    
Data Logger – U23-002 Onset    
Computer Corporation, Bourne, 
MA6 
   
Vent Genie    




1 Postpartum was defined as the 3 weeks after calving. 
2 The MEANS procedure of SAS was used to calculate the mean and standard deviation 
of all technology variables by day. 
3 Variables recorded by technologies A, C, and G were was averaged by d. 
4 Variables were summed by d. 
5 Variables recorded using technology D can occur simultaneously. For example, a cow 
could be ruminating and lying at the same time. 
6 HOBO External Temperature/Relative Humidity Data Logger-U-23-002 recorded 
temperature and humidity every 15 min from June 15, 2016 to August 14, 2016. 
7 Vent Genie recorded hourly temperature and humidity from August 14, 2016 to May, 
29, 2016. 
8 THI = temperature (⁰F) - [0.55 – (0.55 × relative humidity/100)] × [temperature (⁰F) – 




Table 3-7. Total percentage of data1 present per precision dairy technology all 21 days 
postpartum 2 as calculated by FREQUENCY procedure of SAS 9.4. 
 
 







  (%)  
Technology A3 Reticulorumen temperature (˚C) 59.10% 
Technology B4 Rumination time (h/d) 88.60% 
 Eating time (h/d) 88.60% 
 Time not active (h/d) 88.60% 
 Time active (h/d) 88.60% 
Technology C3 Milk yield (kg/d) 97.60% 
 Fat Protein ratio 97.50% 
 Lactose (%) 97.50% 
 Milking time (h/d) 97.60% 
 Conductivity(mS/cm) 97.70% 
Technology D4, 5 Rumination time (h/d) 70.60% 
 Lying time (h/d) 70.60% 
 Time not active (h/d) 70.60% 
 Time active (h/d) 70.60% 
Technology E4 Steps (steps/d) 90.50% 
 Walking time (h/d) 91.10% 
 Standing time (h/d) 92.10% 
 Lying bouts (bouts/d) 92.00% 
 Lying time (h/d) 92.30% 
Technology F4 Activity (steps/d) 79.90% 
 Lying time (h/d) 95.30% 
 Lying bouts (bouts/d) 95.40% 
Technology G3 Body weight (kg/d) 89.70% 
HOBO External   
Temperature/ Relative Humidity   
Data Logger – U23-002 Onset   
Computer Corporation, Bourne, MA6   




1 Data was considered missing if there was < 18 h/d/cow of data for any technology 
variable (Table 3.1). 
2 Postpartum was defined as the 3 weeks after calving 
3 Variables recorded by technologies A, C, and G were was averaged by d. 
4 Variables were summed by d. 
5 Variables recorded using technology D can occur simultaneously. For example, a cow 
could be ruminating and lying at the same time. 
6 HOBO External Temperature/Relative Humidity Data Logger-U-23-002 recorded 
temperature and humidity every 15 min from June 15, 2016 to August 14, 2016. 
7 Vent Genie recorded hourly temperature and humidity from August 14, 2016 to May, 
29, 2016. 






Table 3-8. 10th and 90th percentiles1 for all 21 days postpartum2 for precision dairy 
monitoring technology variables using the UNIVARIATE3 procedure of SAS. 
 





Technology A4 Reticulorumen temperature (˚C) 38.20 39.50 
Technology B5 Rumination time (h/d) 5.93 10.25 
 Eating time (h/d) 1.02 5.03 
 Time not active (h/d) 4.34 10.18 
 Time active (h/d) 1.80 4.67 
Technology C4 Milk yield (kg/d) 1.91 21.38 
 Fat to protein ratio 1.00 1.50 
 Lactose (%) 4.10 4.90 
 Milking Time 0.06 0.14 
 Conductivity 7.60 9.30 
Technology D 5, 6 Rumination time (h/d) 5.81 12.04 
 Lying time (h/d) 11.07 19.22 
 Time not active (h/d) 4.57 10.96 
 Time active (h/d) 11.92 16.83 
Technology E5 Steps (steps/d) 2865 5561 
 Walking Time (h/d) 0.53 1.12 
 Standing (h/d) 9.92 16.70 
 Lie to Stand (bouts/d) 7.00 17.00 
 Lying Time (h/d) 6.28 13.43 
Technology F5 Activity (steps/d) 1763 3739 
 Rest time (h/d) 5.75 13.70 
 Rest bouts (bouts/d) 6.00 16.00 
Technology G4 Body Weight (kg/d) 569 857 
 
HOBO External 
Temperature/ Relative Humidity 
Data Logger – U23-002 Onset 
Computer Corporation, Bourne, 
MA7 
Vent Genie 

























1 10th and 90th percentile were used to generate alerts for all disease based on multivariate 
GENMOD for each disease. 
2 Postpartum was defined as the 3 weeks after calving 
3The UNIVARIATE procedure of SAS was used to calculate 10th and 90th percentiles for 
each variable. 
4 Variables recorded by technologies A, C, and G were was averaged by d. 
5 Variables were summed by d. 
6 Variables recorded using technology D can occur simultaneously. For example, a cow 
could be ruminating and lying at the same time. 
7 HOBO External Temperature/Relative Humidity Data Logger-U-23-002 recorded 
temperature and humidity every 15 min from June 15, 2016 to August 14, 2016. 
8 Vent Genie recorded hourly temperature and humidity from August 14, 2016 to May, 
29, 2016. 
9 THI = temperature (⁰F) - [0.55 – (0.55 × relative humidity/100)] × [temperature (⁰F) – 





Table 3-9. Odds ratios1 of significant2 associative variables from -14 to -2 day prepartum and all 21 days postpartum variables 
from univariable4 model among cows having a disease3 versus no disease for all prepartum and postpartum variables as 





























Postpartum 1.93 Yes 1.57 1.32 1.86 < 0.01 
B Eating time (h/d) Postpartum 1.62 Yes 1.59 1.32 1.93 < 0.01 
B No Active time (h/d) Postpartum 2.76 No 1.53 1.29 1.82 < 0.01 
B Active time (h/d) Postpartum 1.24 No 1.37 1.2 1.56 < 0.01 
B Eating time (h/d) Prepartum 1.46 Yes 1.28 1.02 1.59 0.03 
B No active time (h/d) Prepartum 2.34 No 1.36 1.04 1.78 0.02 
C Milk yield (kg/d) Postpartum 5.99 Yes 1.32 1.15 1.52 < 0.01 
C Fat to protein ratio Postpartum 1.50 No 1.10 1.01 1.20 0.03 




Postpartum 2.64 Yes 1.27 1.03 1.58 0.03 
D No active time (h/d) Postpartum 3.23 No 1.46 1.17 1.82 < 0.01 




Prepartum 1.88 Yes 1.41 1.09 1.82 < 0.01 
F Lying bouts (bouts/d) Prepartum 3.40 Yes 1.28 1.02 1.60 0.04 






1 Odds ratio represent the relative odds of a cow having a disease. 
2 Significance was determined at (P < 0.05). 
3 Disease was defined as no or ≥ 1diseases pre or postpartum. 
4 Univariable logistic models were created using the GENMOD procedure in SAS 9.4 (SAS Inc., Cary, NC, USA). 
5 Period was defined as prepartum, 14 to 2 d before actual calving, and postpartum, 1 to 21 DIM. 
6 SD = represented one standard deviation from the herd average for all variables. One standard deviation was used to 
calculate the odds ratios for each variable. 
7 The inverse of the odds ratio was used to report all odds ratios > 1. If inverse was yes, the variable increased in cows without 
disease. If inverse was no, the variable increased in cows with disease. 




Table 3-10.  Odds ratios1 of significant2 associative variables from -14 to -2 day 
prepartum and all 21 days postpartum variables from univariable model among cows with 
hyperketonemia3 versus none for all prepartum and postpartum variables as measured by 




















































































Postpartum 2.79 No 57.16 5.96 548.10 < 0.01 
E 
Standing time 
  (h/d)  




1Odds ratio represent the relative odds of a cow having a hyperketonemia. 
2 Significance was determined at (P < 0.05). 
3 Hyperketonemia was defined as a whole blood BHBA concentration ≥ 6.97 mg/dL as 
measured by BHBCheck (PortaCheck, Moorestown, NJ) on d 14 and 7 before expected 
calving, and d 1, 2, 3, 4, 5, 6, 7, 10, and 14 postpartum. 
4 Univariable logistic models were created using the GENMOD procedure in SAS 9.4 
(SAS Inc., Cary, NC, USA). 
5 Period was defined as prepartum, 14 to 2 d before actual calving, and postpartum, 1 to 
21 DIM. 
6 SD = represented one standard deviation from the herd average for all variables. One 
standard deviation was used to calculate the odds ratios for each variable. 
7 The inverse of the odds ratio was used to report all odds ratios > 1. If inverse was yes, 
the variable increased in cows without disease. If inverse was no, the variable increased 




Table 3-11. Odds ratios1 of significant2 associative variables from -14 to -2 day 
prepartum and all 21 days postpartum variables from univariable4 model among cows 
having metritis3 versus no metritis for all prepartum and postpartum variables as 
measured by precision dairy monitoring technologies A, B, C, D, E, F, and G for cows 






















































































1 Odds ratio represent the relative odds of a cow having a disease. 
2 Significance was determined at (P < 0.05). 
3 Metritis was defined as abnormal vaginal discharge categorized as ≥ 2 on days 3, 5, 7, 
9, 11, 13, 15, 17, 19, and 21 postpartum. 
4 Univariable logistic models were created using the GENMOD procedure in SAS 9.4 
(SAS Inc., Cary, NC, USA). 
5 Period was defined as prepartum, 14 to 2 d before actual calving, and postpartum, 1 to 
21 DIM. 
6 SD = represented one standard deviation from the herd average for all variables. One 
standard deviation was used to calculate the odds ratios for each variable. 
7 The inverse of the odds ratio was used to report all odds ratios > 1. If inverse was yes, 
the variable increased in cows without disease. If inverse was no, the variable increased 








Table 3-12. Odds ratios1 of significant2 associative variables from -14 to -2 day prepartum and all 21 days postpartum 
variables from univariable4 model among cows having mastitis3 versus no mastitis for all prepartum and postpartum variables 
































































































































1Odds ratio represent the relative odds of a cow having a disease. 
2 Significance was determined at (P < 0.05). 
3 Mastitis was defined as a somatic cell score ≥ 4 between 7 to 11 d postpartum. 
4 Univariable logistic models were created using the GENMOD procedure in SAS 9.4 (SAS Inc., Cary, NC, USA). 
5 Period was defined as prepartum, 14 to 2 d before actual calving, and postpartum, 1 to 21 DIM. 
6 SD = represented one standard deviation from the herd average for all variables. One standard deviation was used to 
calculate the odds ratios for each variable. 
7 The inverse of the odds ratio was used to report all odds ratios > 1. If inverse was yes, the variable increased in cows without 








Table 3-13. Odds ratios1 of significant2 associative variables from -14 to -2 day prepartum and all 21 days postpartum 
variables from univariable4 model among cows having hypocalcemia3 versus no hypocalcemia for all prepartum and 




















B Eating time (h/d) Postpartum 1.62 Yes 1.23 1.05 1.44 < 0.01 
B No active time (h/d) Postpartum 2.76 No 1.22 1.09 1.37 < 0.01 
B Active time (h/d) Postpartum 1.24 Yes 1.13 1.01 1.27 0.03 
B No active time (h/d) Prepartum 2.34 No 1.22 1.01 1.46 0.04 
C Lactose (%) Postpartum 0.50 No 1.24 1.11 1.38 < 0.01 












Postpartum 4.20 Yes 1.19 1.02 1.38 0.03 
THI8 THI (d) Postpartum 25.2 Yes 1.42 1.19 1.54 < 0.01 
 
1 Odds ratio represent the relative odds of a cow having a disease. 
2 Significance was determined at (P < 0.05). 
3 Hypocalcemia was determined by a blood plasma sample ≤ 8.6 mg/dL on days -14 ± 2 and -7 ± 1 before expected calving 
and 3, 5, 7, 10, 14, and 21 d postpartum. 
4 Univariable logistic models were created using the GENMOD procedure in SAS 9.4 (SAS Inc., Cary, NC, USA). 
5 Period was defined as prepartum, 14 to 2 d before actual calving, and postpartum, 1 to 21 DIM. 
6 SD = represented one standard deviation from the herd average for all variables. One standard deviation was used to 
calculate the odds ratios for each variable. 
7 The inverse of the odds ratio was used to report all odds ratios > 1. If inverse was yes, the variable increased in cows without 
disease. If inverse was no, the variable increased in cows with disease. 








Table 3-14. Technology specific sensitivity1, specificity2, and accuracy3 of multivariate logistical model4 for associative 
variables of disease5, hyperketonemia6, metritis7, hypocalcemia8, mastitis 9, and retained placenta10 using all postpartum 
variables for each technology based on 5D moving average alert window. 
 
Technology Disease5  Hyperketonemia6 Metritis7 Hypocalcemia8 Mastitis9   RP10  
 Se Sp Ac Se Sp Ac Se Sp Ac Se Sp Ac Se Sp Ac Se Sp Ac 
A 35 97 85 36 93 90 38 94 89 35 95 88 48 92 91 0 95 94 
B 62 48 50 84 50 52 57 49 49 82 53 58 80 50 50 83 61 61 
C 54 96 83 71 49 50 34 47 46 79 52 56 97 49 50 NA10 NA10 NA10 
D 75 49 55 92 49 52 77 49 52 87 53 60 82 48 49 83 63 63 
E 66 46 50 88 49 51 65 48 50 81 51 56 83 48 49 91 51 52 
F 77 94 88 94 51 54 77 51 53 86 54 60 86 50 51 83 21 23 
G 36 97 86 85 93 91 33 92 88 41 95 88 55 91 90 NA10 NA10 NA10 
C+F 62 95 85 79 48 49 49 46 46 83 51 56 100 48 48 NA10 NA10 NA10 








1Sensitivty (Se) = (true positive rate + false negative rate)/true positive rate. 
2Specificity (Sp) = (true negative rate + false positive rate)/true negative rate. 
3Accuracy (Ac) = (true positive rate + true negative rate)/ (true positive + false positive + true negative + false negative). 
4 For each technology, all daily alert1s generated by prepartum and postpartum variables per technology were summed to 
generate alert 2. The UNIVARIATE procedure of SAS was used to evaluate the distribution of alert2s for each prepartum and 
postpartum technology variable from 14 to 2 d before calving (prepartum) and 1 to 21 DIM (postpartum). If alert2 (the sum of 
alert1s by d) was ≥ 50th percentile, alert3 was generated. A 5 day (5D) backwards moving average was generated using the 
EXPAND procedure of SAS. A 5D backwards moving average was also generated using the EXPAND procedure of SAS for 
each postpartum technology variable to account for daily variability of each technology variable. For RP, no 5D backwards 
moving average was developed, because only prepartum variables were determine variables associated with RP. If alert 3 was 
generated and a cow was diagnosed with a disease within the 5D moving average, the data point was classified as true positive 
(TP). If alert 3 was generated, but a cow was not diagnosed with a subclinical disease within the 5D moving average, a cow 
was classified as false positive (FP). If alert 3 was not generated, but a cow was diagnosed with a subclinical disease during 
that 5D moving average, the cow was classified as false negative (FN). If an alert 3 was not generated, and the cow was not 
diagnosed with a subclinical disease during that 5D moving average, the data point was classified as a true negative (TN). 
5 Disease was defined as no or ≥ 1diseases during the 2 weeks before calving to 3 weeks after calving. 
6 Hyperketonemia was defined as a whole blood BHBA concentration ≥ 6.97 mg/dL on 1, 2, 3, 4, 5, 6, 7, 10 or 14 DIM as 
measured by BHBCheck (PortaCheck, Inc., Moorestown, NJ). 
7 Metritis was defined as abnormal vaginal discharge categorized as ≥ 2 on days 3, 5, 7, 9, 11, 13, 15, 17, 19, and 21. 
8 Hypocalcemia was determined by a blood plasma sample ≤ 8.6 mg/dL on days -14 ± 2 and -7 ± 1 before expected calving 
and 3, 5, 7, 10, 14, or 21 DIM. 
9 Mastitis was defined as a somatic cell score ≥ 4 between 7 to 11 DIM. 








Table 3-15. Odds ratios1 of significant2 associative variables from postpartum variables from multivariable6 model among 
cows having a disease3 versus no disease developed from significant4, non-highly correlated5 variables generated through 
univariate logistical regression (Table 3.09) for cows from 1 to 21 DIM. 
 







95 % Confidence 
interval 
P Value 
B Rumination time (h/d) 1.93 Yes 1.47 1.22 1.77 < 0.01 
B Eating time (h/d) 1.62 Yes 1.44 1.20 1.72 < 0.01 
B Active time (h/d) 1.24 No 1.15 1.00 1.33 > 0.05 
C Milk yield (kg/d) 5.99 Yes 1.18 1.02 1.37 0.02 
C Fat to protein ratio 1.5 No 1.12 1.02 1.23 0.02 
C Milking time (h/d) 0.04 Yes 1.21 1.06 1.38 < 0.01 
1Odds ratio represent the relative odds of a cow having a disease. 
2 Significance in multivariable model was defined at (P < 0.05). 
3 Metritis was defined as abnormal vaginal discharge categorized as ≥ 2 on days 3, 5, 7, 9, 11, 13, 15, 17, 19, and 
21postpartum. 
4 Significance of univariate logistical regression variables was defined at (P < 0.10). 
5 High correlation was defined as (r ≥ 0.60). 
6 Univariable logistic models were created using the GENMOD procedure in SAS 9.4 (SAS Inc., Cary, NC, USA). 
7 SD = represented one standard deviation from the herd average for all variables. One standard deviation was used to 
calculate the odds ratios for each variable. 
8 The inverse of the odds ratio was used to report all odds ratios > 1. If inverse was yes, the variable increased in cows without 








Table 3-16. Odds ratios1 of significant2 associative variables from postpartum variables from multivariable6 model l among 
cows having hyperketonemia3 versus no hyperketonemia developed from significant4, non-highly correlated5 variables 























B Eating Time (h/d) 1.62 Yes 1.36 0.71 2.60 > 0.05 
C Milking Time (h/d) 0.04 Yes 1.32 0.91 1.90 > 0.05 
D Activity (h/d) 2.96 Yes 1.24 0.59 2.60 > 0.05 
E Lying Time (h/d) 2.79 Yes 1.03 0.70 1.52 > 0.05 
G Body Weight (kg) 109.9 No 1.49 0.91 2.43 > 0.05 
 
1 Odds ratio represent the relative odds of a cow having hyperketonemia. 
2 Significance in multivariable model was defined at (P < 0.05). 
3 Hyperketonemia was defined as a whole blood BHBA concentration ≥ 6.97 mg/dL as measured by BHBCheck (PortaCheck, 
Moorestown, NJ) on d 14 and 7 before expected calving, and d 1, 2, 3, 4, 5, 6, 7, 10, and 14 postpartum. 
4 Significance of univariate logistical regression variables was defined at (P < 0.10). 
5 High correlation was defined as (r ≥ 0.60). 
6 Univariable logistic models were created using the GENMOD procedure in SAS 9.4 (SAS Inc., Cary, NC, USA). 
7 SD = represented one standard deviation from the herd average for all variables. One standard deviation was used to 
calculate the odds ratios for each variable. 
8 The inverse of the odds ratio was used to report all odds ratios > 1. If inverse was yes, the variable increased in cows without 








Table 3-17. Odds ratios1 of significant2 associative variables from postpartum variables from multivariable6 model among 
cows having metritis3 versus no metritis developed from significant4, non-highly correlated5 variables generated through 






















1.93 Yes 1.51 1.13 2.02 0.01 
B Eating time (h/d) 1.62 Yes 1.59 1.10 2.30 0.01 
C Fat to protein ratio 1.5 No 1.08 0.94 1.23 > 0.05 
C Lactose (%) 0.5 No 2.28 1.45 3.59 < 0.01 
D Lying time (h/d) 3.08 Yes 1.31 0.83 2.07 > 0.05 
F Activity (steps/d) 1129 Yes 1.77 1.16 2.71 0.01 
G Body weight (kg) 109.9 Yes 1.72 1.11 2.61 0.01 
 
1Odds ratio represent the relative odds of a cow having metritis. 
2 Significance in multivariable model was defined at (P < 0.05). 
3 Metritis was defined as abnormal vaginal discharge categorized as ≥ 2 on days 3, 5, 7, 9, 11, 13, 15, 17, 19, and 21 
postpartum. 
4 Significance of univariate logistical regression variables was defined at (P < 0.10). 
5 High correlation was defined as (r ≥ 0.60). 
6 Univariable logistic models were created using the GENMOD procedure in SAS 9.4 (SAS Inc., Cary, NC, USA). 
7 SD = represented one standard deviation from the herd average for all variables. One standard deviation was used to 
calculate the odds ratios for each variable. 
8 The inverse of the odds ratio was used to report all odds ratios > 1. If inverse was yes, the variable increased in cows without 








Table 3-18. Odds ratios1 of significant2 associative variables from postpartum variables from multivariable6 model among 
cows having mastitis3 versus no mastitis developed from significant4, non-highly correlated5 variables generated through 


















B Eating time (h/d) 1.62 Yes 1.37 0.98 1.92 > 0.05 








2.64 Yes 8.06 0.89 1.60 > 0.05 
1Odds ratio represent the relative odds of a cow having mastitis. 
2 Significance in multivariable model was defined at (P < 0.05). 
3 Mastitis was defined as a somatic cell score ≥ 4 between 7 to 11 DIM. 
4 Significance of univariate logistical regression variables was defined at (P < 0.10). 
5 High correlation was defined as (r ≥ 0.60). 
6 Univariable logistic models were created using the GENMOD procedure in SAS 9.4 (SAS Inc., Cary, NC, USA). 
7 SD = represented one standard deviation from the herd average for all variables. One standard deviation was used to 
calculate the odds ratios for each variable. 
8 The inverse of the odds ratio was used to report all odds ratios > 1. If inverse was yes, the variable increased in cows without 








Table 3-19. Odds ratios1 of significant2 associative variables from postpartum variables from multivariable6 model among 
cows having hypocalcemia3 versus no hypocalcemia developed from significant4, non-highly correlated5 variables generated 














95 % Confidence interval 
 
P value 
B No active time (h/d) 2.77 No 1.33 1.12 1.59 < 0.01 
B Active time (h/d) 1.24 No 1.02 0.9 1.17 > 0.05 
C Lactose (%) 0.50 No 1.39 1.18 1.64 < 0.01 
C Milking time (h/d) 0.04 Yes 1.18 1.37 1.01 0.03 




4.30 Yes 1.20 1.40 1.03 0.02 
THI9 THI 25.2 Yes 1.24 1.43 1.06 0.01 
1Odds ratio represent the relative odds of a cow having hypocalcemia. 
2 Significance in multivariable model was defined at (P < 0.05). 
3 Hypocalcemia was determined by a blood plasma sample ≤ 8.6 mg/dL on days -14 ± 2 and -7 ± 1 before expected calving 
and 3, 5, 7, 10, 14, and 21 d postpartum. 
4 Significance of univariate logistical regression variables was defined at (P < 0.10). 
5 High correlation was defined as (r ≥ 0.60). 
6 Univariable logistic models were created using the GENMOD procedure in SAS 9.4 (SAS Inc., Cary, NC, USA). 
7 SD = represented one standard deviation from the herd average for all variables. One standard deviation was used to 
calculate the odds ratios for each variable. 
8 The inverse of the odds ratio was used to report all odds ratios > 1. If inverse was yes, the variable increased in cows without 
disease. If inverse was no, the variable increased in cows with disease. 








Table 3-20. Odds ratios1 of significant2 associative variables across all 21 days postpartum variables from multivariable6 model 
among cows having RP3 versus no RP developed from significant4, non-highly correlated5 variables generated through 









































1Odds ratio represent the relative odds of a cow having a retained placenta. 
2 Significance in multivariable model was defined at (P < 0.05). 
3 Retained placenta was defined as retained fetal membrane for ≥ 24 h. 
4 Significance of univariate logistical regression variables was defined at (P < 0.10). 
5 High correlation was defined as (r ≥ 0.60). 
6 Univariable logistic models were created using the GENMOD procedure in SAS 9.4 (SAS Inc., Cary, NC, USA). 
7 SD = represented one standard deviation from the herd average for all variables. One standard deviation was used to 
calculate the odds ratios for each variable. 
8 The inverse of the odds ratio was used to report all odds ratios > 1. If inverse was yes, the variable increased in cows without 








Table 3-21. Sensitivity1, specificity2, and accuracy3 of multivariate logistical model4, using the GenMod procedure of SAS for 
associative variables with disease4, hyperketonemia5, metritis6, hypocalcemia7, mastitis 8, and retained placenta9 using most 
significant, non-highly correlated variables generated from individual univariate logistical regression, regardless of technology 
based on 5D moving average alert window. 
 
Disease5  Hyperketonemia Metritis  Hypocalcemia Mastitis9   RP10  
Se Sp Ac Se Sp Ac Se Sp Ac Se Sp Ac Se Sp Ac Se Sp Ac 
63 48 50 87 51 53 59 48 49 85 51 57 89 50 50 77 29 31 
 
1 Sensitivity (Se) = (true positive rate + false negative rate)/true positive rate. 
2 Specificity (Sp) = (true negative rate + false positive rate)/true negative rate. 
3Accuracy (Ac) = (true positive rate + true negative rate)/ (true positive + false positive + true negative + false negative). 
4 For each technology, all daily alert1s generated by prepartum and postpartum variables were summed to generate alert 2. 
The UNIVARIATE procedure of SAS was used to evaluate the distribution of alert2s for each prepartum and postpartum 
technology variable from 14 to 2 d before calving (prepartum) and 1 to 21 DIM (postpartum). If alert2 (the sum of alert1s by 
d) was ≥ 50th percentile, alert3 was generated. A 5 day (5D) backwards moving average was generated using the EXPAND 
procedure of SAS. A 5D backwards moving average was also generated using the EXPAND procedure of SAS for each 
postpartum technology variable to account for daily variability of each technology variable. For RP, no 5D backwards moving 
average was developed, because only prepartum variables were associative with RP. If alert 3 was generated and a cow was 
diagnosed with a disease within the 5D moving average, the data point was classified as true positive (TP). If alert 3 was 
generated, but a cow was not diagnosed with a subclinical disease within the 5D moving average, a cow was classified as false 
positive (FP). If alert 3 was not generated, but a cow was diagnosed with a subclinical disease during that 5D moving average, 
the cow was classified as false negative (FN).  If an alert 3 was not generated, and the cow was not diagnosed with a 
subclinical disease during that 5D moving average, the data point was classified as a true negative (TN). 
5 Disease was defined as no or ≥ 1diseases during the 2 weeks before calving to 3 weeks after calving. 
6 Hyperketonemia was defined as a whole blood BHBA concentration ≥ 6.97 mg/dL on 1, 2, 3, 4, 5, 6, 7, 10 or 14 DIM as 
measured by BHBCheck (PortaCheck, Inc., Moorestown, NJ). 
7 Metritis was defined as abnormal vaginal discharge categorized as ≥ 2 on days 3, 5, 7, 9, 11, 13, 15, 17, 19, and 21. 
8 Hypocalcemia was determined by a blood plasma sample ≤ 8.6 mg/dL on days -14 ± 2 and -7 ± 1 before expected calving 
and 3, 5, 7, 10, 14, or 21 DIM. 
9 Mastitis was defined as a somatic cell score ≥ 4 between 7 to 11 DIM. 








Table 3-22. Final significant odds ratios1 of associative variables postpartum variables from multivariable6 model among cows 
with disease, hyperketonemia, metritis, mastitis, and hypocalcemia versus no disease developed from significant4, non-highly 



























B Disease Eating time (h/d) 1.62 Yes 1.44 1.20 1.72 < 0.01 
B Metritis Eating time (h/d) 1.62 Yes 1.59 1.10 2.30 0.01 
B Hypocalcemia No active time (h/d) 2.77 No 1.33 1.12 1.59 < 0.01 
B Disease Rumination time (h/d) 1.93 Yes 1.47 1.22 1.77 < 0.01 
B Metritis Rumination time (h/d) 1.93 Yes 1.51 1.13 2.02 0.01 
C Mastitis Conductivity (mS/cm) 1.80 No 3.32 1.52 7.27 < 0.01 
C Disease Fat to protein ratio 1.50 No 1.12 1.02 1.23 0.02 
C Metritis Lactose (%) 0.50 No 2.28 1.45 3.59 < 0.01 
C Hypocalcemia Lactose (%) 0.50 No 1.39 1.18 1.64 < 0.01 
C Disease Milk yield (kg/d) 5.99 Yes 1.18 1.02 1.37 0.02 
C Disease Milking time (h/d) 0.04 Yes 1.21 1.06 1.38 < 0.01 
C Hypocalcemia Milking time (h/d) 0.04 Yes 1.18 1.37 1.01 0.03 
D Hyperketonemia High Activity (h/d) 1.22 Yes 1.33 1.07 1.66 0.01 
E Hypocalcemia Lying bouts (bouts/d) 4.30 Yes 1.20 1.40 1.40 0.02 
F Metritis Activity (steps/d) 1129 Yes 1.77 1.16 1.16 0.01 
G Metritis Body weight (kg) 109.9 Yes 1.72 1.11 1.11 0.01 
THI9 Hypocalcemia THI 25.20 Yes 1.24 1.43 1.43 0.01 
 
 








2 Significance in multivariable model was defined at (P < 0.05). 
3 Disease was defined as 0 disease or ≥ 1 diseases. Hyperketonemia was defined as a whole blood BHBA concentration ≥ 6.97 
mg/dL as measured by BHBCheck (PortaCheck, Moorestown, NJ) on d 14 and 7 before expected calving, and d 1, 2, 3, 4, 5, 6, 
7, 10, and 14 postpartum. Metritis was defined as abnormal vaginal discharge categorized as ≥ 2 on days 3, 5, 7, 9, 11, 13, 15, 
17, 19, and 21 postpartum. Hypocalcemia was determined by a blood plasma sample ≤ 8.6 mg/dL on days -14 ± 2 and -7 ± 1 
before expected calving and 3, 5, 7, 10, 14, or 21 DIM. Mastitis was defined as a somatic cell score ≥ 4 between 7 to 11 DIM. 
4 Variables was defined at (P < 0.10). 
5 High correlation was defined as (r ≥ 0.60). 
6 Univariable logistic models were created using the GENMOD procedure in SAS 9.4 (SAS Inc., Cary, NC, USA). 
7 SD = represented one standard deviation from the herd average for all variables. One standard deviation was used to 
calculate the odds ratios for each variable. 
8 The inverse of the odds ratio was used to report all odds ratios > 1. If inverse was yes, the variable increased in cows without 




Figure 3-1. Flowchart detailing how daily final alerts were generated by all prepartum 
variables and all postpartum variables for all technologies using each precision dairy 








1 Alert1 was generated for each prepartum and postpartum variable from each technology 
by d. For example, Technology B recorded prepartum eating time, rumination time, 
active time, no active time, and high activity. The maximum number of alert1s generated 
daily for technology B was 5. 
2 Alert2 was generated by combining all prepartum and postpartum variables from 
individual technology. For example, technology B could generate 5 individual prepartum 
alert1s daily, one for each technology variable.  Alert 2 was the sum of all alerts 
generated for a prepartum or postpartum technology variable. If on d7 technology B 
generated an alert1 for prepartum high activity and eating time, alert 2 would = 2. 
3 Alert3 was calculated through the UNIVARIATE procedure of SAS based on all d 
alert2. If alert2 was greater than 50th percentile of alert2s, Alert3 was generated. 
4 Alert windows were created with the backward moving maximum feature of the 
EXPAND procedure in SAS. Disease was defined as no disease (0), any 1 disease (1), 
any 2 diseases (2), or ≥ 3 diseases on any d. Hyperketonemia was determined by a whole 
blood BHBA ≥ 6.97 mg/dL on 1, 2, 3, 4, 5, 6, 7, 10 or 14 DIM. Metritis was defined as 
abnormal vaginal discharge categorized as ≥ 2. Mastitis was defined as a somatic cell 
score ≥ 4 between 7 to 11 DIM. Hypocalcemia was determined by a blood plasma 
sample ≤ 8.6 mg/dL on days -14 ± 2 and -7 ± 1 before expected calving and 3, 5, 7, 10, 
14, or 21 DIM. Retained placenta was determined as retained fetal membrane for > 24 h 
postpartum. 
5 Any alert window that overlapped with an event (disease, hyperketonemia, 
hypocalcaemia, or metritis) was considered a true positive.  Any alert window that did 
not overlap with an event was considered a false positive. An event that occurred without 
a corresponding alert window was considered a false negative. No alert window and no 
disease simultaneously was considered a true negative. 
6 For RP, no 5D backwards moving average was developed, because only prepartum 







Parturition and heat stress are two cyclical stressors affecting dairy cattle. At 
parturition, cows undergo nutritional, and hormonal changes leading to metabolic distress 
and immunosuppression. Under heat stress, cows must accommodate for changes in THI 
through physiological changes (increased respiration rate and decreased milk production) 
and behavioral changes (decreased lying time). Quantifying the relationship between 
stressors and accompanying physiological and behavioral changes can be accomplished 
through visual monitoring and precision dairy monitoring technology (PDM). 
Precision dairy monitoring allows herd-level observation of a multitude of traits 
(activity, milk yield, milk components, somatic cell count, lying time, lying bouts, 
feeding time, rumination time, and reticulorumen temperature) without human bias, high 
human labor costs, or concerns of interobserver variation. Each PDM has an individual 
algebraic equation to account for behavioral changes and generate alerts based on 
deviations from baseline. Although some variables may be targeted at certain behavioral 
changes, for example, high activity for behavioral changes around estrus, the combination 
of variables may help to better predict disease and detect heat stress than visual 
observation alone. 
Availability and diversity of PDM have increased throughout the last 20 years. 
From calving ease to lameness detection mats, technology development strives to meet 
the dairy industry's unique needs. Precision dairy monitoring technology may be used to 
track animal welfare and create superior alerts to predict individual disease or detect heat 
stress. Little research has assessed combining the most significant predictive variables 





stress detection. Studies establishing baseline values for disease and heat stress can be 
used to build better detection tools. Expanding available literature featuring PDM, can 
help to further our knowledge and understanding of metabolic disease and heat stress. 
Working to improve dairy cattle health and welfare through management and technology 
can help to reduce the negative impacts of heat stress and metabolic disease. Combined, 
this work can be used as a stepping stone to understanding how PDM can improve our 
understanding of underlying physiology associated with heat stress and metabolic 
disease. 
Although PDM have become more common, their capacity are still limited. First, 
producers primarily do not see the raw data from a technology, but rather receive some 
summarized data set. Behavioral and physiological deviations from a mean are 
considered and reported as an individual alert. Although these alerts may be associated 
with a disease, this association is often nonspecific and generates many false negatives 
and positives. For each disease, specific costs including reproductive efficiency, culling 
risk, and treatment costs should be considered in relation to alerts. For example, treating 
hyperketonemia is relatively cheap, so overactive alerts may be more beneficial for 
producers. However, mastitis treatment can be lengthy and expensive, so oversensitive 
PDM may not benefit producer or animal. 
Secondly, as observed within this study, mean variables may vary greatly with 
each technology. This suggests deviations from mean physiological and behavioral 
variables cannot be considered across technologies. Therefore, a producer may need to 
invest in a leg-based accelerometer and ear-based accelerometer if they hope to monitor 





technologies is critical to understanding the association between these variables and 
postpartum diseases and heat stress. 
Physical examination in combination with PDM may help producers recognize 
specific diseases or heat stress. Future research should evaluate the association of disease 
considering variable combinations of physical examination and deviations in 
physiological and behavioral variables as assessed by PDM. Although multiple validation 
studies have observed high correlations between visual monitoring and PDM, continuous 
monitoring of eating and rumination behavior, for example, would be difficult and time 
consuming. Finding a few physical examination variables that allow for daily or weekly 
evaluation of cows directly in combination with PDM variables, may provide an optimal 
management strategy for cows during the transition period and heat stress. 
Although 8 PDM technologies were considered, the optimal combination of 
variables for assessing physiological and behavioral changes associated with postpartum 
disease and heat stress require further work. Multiple variables as assessed through 
physical examination and PDM were similar between postpartum diseases. Therefore 
further work must explore the association between PDM and physical examination 
among cows with postpartum disease and heat stress. Discovery the optimal PDM and 
physical examination tools will aid producers in detecting, diagnosing, and treating 
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Heat stress increases respiration rate and rectal temperature and decreases milk 
production and reproductive success. The objective of this study was to evaluate the 
impact of heat stress on cattle using precision dairy monitoring technologies (PDM). A 3 
x 3 Latin square design was used where Holstein cows (n = 71) were exposed to natural 
ventilation (N), fans alone (F), and fans plus sprinklers (FS) between August 15 and 
September 23, 2016. Cows were exposed to each treatment for 10 d periods (period 1 
(P1): August 15 to August 24; period 2 (P2): August 30 to September 8; and period 3 
(P3): September 14 to September 23) separated by 5 d washout periods. Cows were 
equipped with six wearable PDM recording activity, eating time, rumination time, 
walking time, lying time, lying bouts, standing time, and reticulorumen temperature. 
Milk yield, milk fat to protein ratio, milk lactose %, milking time, milk conductivity, and 
BW were recorded using parlor technologies and a BW scale, respectively. Cows were 
visually monitored 5 times/period for respiration rate and heart rate (Polar Electro, 
Kempele, Finland). The MIXED procedure of SAS was used to evaluate the effects of 
mean temperature humidity index (THI), pen, period, treatment, sequence, and 2 way 
interactions on all technology variables. Mean daily milk yield tended to be less among 
cows under treatment N than F and FS (F = 2.81; P ≤ 0.01). Lying (technologies H and 
E) and rest time (technology F) was greater among cows in treatment FS than treatment 
N as measured by technologies H (F = 21.91; P ≤ 0.01), Technology E (F = 73.0; P ≤ 
0.01) and Technology F (F = 19.2; P ≤ 0.01). Respiration rate was 9 and 19 breaths/min 
greater among cows in treatment N than F or FS (P < 0.05), respectively, indicating heat 





treatment, parity, or sequence. Precision dairy monitoring can be used to assess 
behavioral and physiological changes associated with heat stress among cows exposed to 
N, F, and FS. 




Heat stress occurs when an animal struggles to thermoregulate effectively by 
failing to compensate for excessive heat production (Collier et al., 2006; Nelson et al., 
2016). Thermal distress is often measured through temperature humidity index (THI), 
the combination of air temperature and relative humidity (Bohmanova et al., 2007; 
Bernabucci et al., 2014). When THI exceeds 68, cows may initiate physiological and 
behavioral changes to account for the excessive heat load and dissipate heat (Bernabucci 
et al., 2010). Cows have been observed to increase their respiration rate (RR), heart rate 
(HR), rectal temperature, standing time, and produce more sweat to dissipate heat, while 
decreasing feeding and rumination time to decrease heat produced during digestion 
(Cook et al., 2007; Schutz et al., 2011; Allen et al., 2015). However, Hammami et al. 
(2013), Gorniak et al. (2014), and Hill and Wall (2015) observed cows reduced dry 
matter intake (DMI), reproductive efficiency, and milk fat and protein percentages at THI 
of 55 to 60 (Hammami et al., 2013; Gorniak et al., 2014; Hill and Wall, 2015). Further, 
reported milk loss attributed to heat stress in Florida ranged from 5 to 7.5 kg/day/cow (do 
Amaral et al., 2009; Tao et al., 2011). This suggests that cows experiencing heat stress 
will modify daily physiology and behavior to decrease heat load, which can affect longer 





As THI increases, multiple strategies can be employed for cooling cows including 
shade, fans, evaporative cooling (sprinklers, misters, and foggers), direct cooling 
(showers), and conductive cooling (Berman, 2008; Schutz et al., 2010; Chen et al., 2015). 
Although evaporative cooling may be most effective under high temperatures (Berman, 
2008), cooling with water must be closely monitored in areas with high humidity, as 
additional environmental moisture can increase humidity and THI (St-Pierre et al., 2003; 
Bernabucci et al., 2014). Kendall et al. (2007) reported 0.9, 1.9, and 2.6 cooler THI than 
ambient conditions under fans alone, sprinklers alone, and fans plus sprinklers, 
respectively. This suggests that cooling strategy can modify environmental THI, which 
may reduce behavioral and physiological changes. Despite decreases in THI under 
certain cooling methods, cows’ preference for cooling method varied with THI. Cows 
actively sought shade 12% more with each 1 ºC increase in temperature (Schutz et al., 
2011), but when able to avoid direct spray on face, cows showed greater preference for 
standing underneath sprinklers (Kendall et al., 2007; Chen et al., 2013). 
Precision dairy monitoring technology (PDM) may be used to monitor daily 
variation in cow behavior and physiology under heat stress and heat abatement 
conditions. Multiple studies have observed changes in rumination time, rumination 
bouts, lying time and standing time, at elevated THI (Soriani et al., 2013; Allen et al., 
2015). Soriani et al. (2013) observed that 63.2% of rumination, as monitored with PDM, 
occurred at night when THI was ≥ 85. This suggests that cows shift heat producing 
behaviors, including rumination, to cooler periods, as THI tends to be lower at night. 
Between 20:00 and 4:00, ≥ 55% of cows from 3 herds located in Arizona, Minnesota, and 





20:00 (Allen et al., 2015). Standing during peak THI was associated with elevated core 
body temperature, with greatest core body temperature observed when switching from 
lying to standing (Allen et al., 2015). This suggests dairy cows will attempt to dissipate 
the heat by standing when daily THI is the greatest. However, to date, little research has 
explored the role of multiple PDM’s ability to detect physiological and behavioral 
changes associated with elevated THI. The objective of this study was to evaluate the 
effects of natural ventilation (N), fans alone (F), and fans plus sprinklers (FS) on the 
physiological and behavioral changes of cows under heat stress when equipped with 6 
wearable activity monitors, 1 parlor technology, and 1 body weight scale. 
MATERIALS AND METHODS 
 
The study was conducted under IACUC protocol number 2016-2453 at the 
University of Kentucky Coldstream Dairy between August 15 and September 23, 2016. 
Cows (n = 23, n = 25, n = 23) were housed in three equally sized treatment pens (236.19 
m2) within a compost bedded pack barn (Appendix 1) balanced by parity and DIM [Parity 
and DIM, mean ± SD (Group 1: 1.96 ± 1.46 lactations, 212 ± 120 DIM), (Group 2: 2.00± 
1.00 lactations, 191± 71 DIM), and (Group 3: 1.92 ± 1.04 lactations, 190 ± 86 DIM)]. 
 
The barn structure included a 1.22 m capped ridge vent over the middle of the 
barn. The compost bedded pack was contained by 0.48 m high cement walls. From the 
walls to the roof, barn sides were open except for a 5.1 cm2 open mesh. Cow stocking 
density within the bedded pack barn never exceeded 9.04 m2/cow for the study’s entirety. 
Each treatment pen was equipped with one 4.88 m Powerfoil X3 High Volume Low 
Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY, USA) centered over the 





Lexington, KY, USA) in the feed alley, and sprinklers in the feed alley. Twice daily 
(between 6:00 to 9:00 and 16:00 to 19:00), cows spent 1h being led to the parlor, in the 
holding pen, and returned to treatment pen during milking. To and from the parlor, cows 
were exposed to fans and sprinklers in the feeding alley and may have been temporarily 
cooled. However, regardless of treatment, sprinklers and fans were not available in the 
holding pen or parlor. 
A 3 x 3 Latin square design (Table 2.1) was used to expose all cows (n = 71) to 
three treatments over 3 periods: natural ventilation only (N), fans alone (F), and fans plus 
sprinklers (FS). In treatments F and FS, both HVLS and Yellow Jacket fan blades ran 
full speed at 25.4 m/s and 83.5 km/h, respectively. Fans remained on continuously for 
pens with F and FS. Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC every 
15 minute and 45 second, sprinklers activated and sprayed large droplets for 1 minute. 
As temperature increased, the time between cycles linearly decreased until 28.9 ºC, when 
sprinklers turned on every 4 minutes. At temperatures ≥ 28.9 ºC, sprinkler cycle sprayed 
for 1 minute and activated every 4 minutes. From June to study initiation, all cows were 
housed in FS conditions with continuous fans and sprinklers, as described. 
Periods were defined as period 1 (P1) (August 15, 2016 to August 24, 2016), 
 
period 2 (P2) (August 30, 2016 to September 8, 2016) and period 3 (P3) (September 14, 
2016 to September 23, 2016) lasting 10 d each. A 5 d washout period in which cows 
were exposed to treatment FS occurred between P1, P2, and P3. Garner et al. (2017) 
observed that cows reacted to heat stress with 24 hours and returned to baseline 
measurements with 4 days of heat stress initiation. This suggests a washout period of 5 d 





Pens were assigned N, F, or FS treatments and cows were moved between treatment pens 
on the first day of each washout period. Cows were randomly assigned to sequence 1 
(S1) (N, F, and FS), sequence 2 (S2) (F, FS, and N), or sequence 3 (S3) (FS, N, and F). 
Pen treatment assignment by period and sequence is described in Appendix 2. It is 
critical to note that before study initiation, cows were exposed to the same conditions as 
the FS treatment. Additionally during each washout period, cows experienced the FS 
treatment. This treatment carryover may have affected the quality of collected data and 
sequence and period results. 
Throughout the study, cows were housed in a compost bedded pack barn tilled twice 
daily using a rototiller, and bedded with sawdust as needed. A total mixed ration (TMR) 
containing corn silage, alfalfa hay, concentrate mix, alfalfa silage, and whole cottonseed 
was fed twice daily (between 6:00 to 9:30 and 12:30 to 15:00). Feed types and nutritional 
evaluation are descriptively shown in Appendix.1. Feed was pushed up 22 times per day by 
an automated feed pusher (Lely Juno, Lely Robots, Masslius, the Netherlands). Cows were 
given unlimited access to fresh water in their barn via 265 L, automatic filling waterer 
(0.5969 m width, 3.66 m length, 0.61 m height; J&D Manufacturing, Eau Claire, WI, 
USA). Cows were milked twice daily (4:30 to 5:30) and (15:30 to 16:30) in a double 2 X 
2 tandem-milking parlor. Cows were fore-stripped, pre-dipped, dried off, and post- dipped 
at each milking. 
At the start of the current lactation, cows were equipped with six wearable PDM 
technologies as summarized in Appendix 3. Technology A, located in the reticulorumen, 
recorded hourly reticulorumen temperature. Although technology A has not been 





assess reticulorumen temperature (Bewley et al., 2008). Technology B, located in the left 
ear, recorded hourly feeding time, rumination time, active time, non-active time, and high 
active time. Technology B was correlated to visual observation for rumination (r = 0.69) 
and feeding (r = 0.88) by Borchers et al. (2016). Pereira et al. (2018) was correlated to 
visual observation for not active (r = 0.65) and active (r = 0.20), suggesting need for 
further evaluation and skepticism with this data. Milk yield, milk fat percentage, milk 
protein percentage, milk lactose percentage, milk conductivity (mS/cm), and milking 
time were recorded by Technology C twice daily at each milking. Technology C was 
validated by Weller and Ezra (2016) versus genetics with correlations for milk production 
(r = 0.97), fat kg (r = 0.77), and protein kg (r = 0.89). Technology D, located in the right 
ear, recorded hourly rumination time, active time, non-active time, high active time, and 
location within the treatment pen. Technology D was correlated to visual observation for 
rumination (r = 0.97) by (Borchers et al., 2016). Technology E, located on the left front 
leg, recorded steps (per day), walking time, lying time, standing time, and lie to stand 
bouts hourly. Technology E was exclusively validated by Van Erp-Van der Kooj (2017) 
and in conference proceedings. Further peer-reviewed validation must be conducted in 
the future. Technology F, located on the rear right leg, recorded twice daily activity, rest 
bouts, and lying time. Technology F was correlated to visual observation lying time (r = 
0.99) by (Borchers et al., 2016). Technology F was further by (Mattachini et al., 2013) 
validated versus leg based accelerometer (HOBO Pendant G data logger, Onset Computer 
Corporation, Pocasset, MA, USA) for lying time (R2 ≥ 0.95) and lying bouts (R2 ≥ 0.72). 
Body weight was recorded twice daily immediately upon exit of the parlor at AM and 





visits to the feedbunk, total time at the feedbunk, lying time, and lying bouts. 
 
Technology H was correlated to visual observation for time at the feedbunk (r = 0.93) and 
lying time (r = 0.99) by (Borchers et al., 2016). An automatic temperature and humidity 
recording system (Vent Genie, AutoVent LLC, Oley, PA, USA) located between feed 
alley and compost bedded pack near roof monitored treatment pens’ temperature and 
humidity. Temperature Humidity Index was computed using the following standard 
formula: THI = temperature (⁰F) - [0.55 – (0.55 × relative humidity/100)] × [temperature 
(⁰F) – 58.8] (NOAA and Administration, 1976). 
On days 1,3,5,7, and 9 of each period, 6 cows from each treatment were equipped 
with heart rate monitors recording HR every 15 seconds (Polar Electro, Kempele, 
Finland) as described by Mohr et al. (2002). Monitors were applied and secured with 
veterinary wrap during the AM milking on day 1 of each period, checked at all 
subsequent milkings, and removed on day 10 at the AM milking.  If cows showed signs 
of rubbing, discoloration, hair loss, skin loss, or pain, the HR monitor was removed and 
the area was treated as advised by the herd manager. Additionally, to acclimate cows to 
HR monitors, for 2 weeks before the study initiated, the researcher recording all 
respiration rates and attaching all HR monitors walked through the pen. On days 1,3,5,7, 
and 9 of each period, 12 cows in each treatment (the 6 equipped with HR monitors and an 
additional 6 cows in each pen) were monitored at 7:00, 11:00, 15:00, and 19:00 (± 2 
hours) for RR and body position (standing or lying). Respiration rate was recorded as 
described by Legates (1991). Cows’ flank movements were observed for 15 
uninterrupted seconds of standing or lying and multiplied by 4 to calculate breaths/min. 





Once weekly, cows were evaluated for body condition score (BCS; Ferguson et al., 1994) 
and gait scored (Schlageter-Tello et al., 2014). 
On day 10 of each period, composite milk samples were collected from every cow 
at AM milking and monitored for somatic cell count (SCC). Teat ends were pre-dipped, 
dried with individual towels, and cleaned with 70% isopropyl alcohol swabs. Somatic 
cell count was analyzed via flow cytometry (Bentley FTS, Bentley Instruments Inc., 
Chaska, MN, USA). Cows with a composite SCC > 200,000 cells/mL were considered 
positive for subclinical mastitis. Quarter samples were collected from positive cows at 
the same day PM milking and analyzed using the same method. 
Cows displaying signs of estrus or alerted for high activity were recorded. If 
determined to be in estrus, the day before, of, and after, were removed from the data set 
to account for daily behavior deviations attributed to estrus (n = 39). One cow in S2 with 
extreme lameness was removed from the study following P1. Cows equipped with HR 
monitors that developed lesions, abnormal skin and tissue loss, or extreme signs of pain 
had HR monitors removed during P3, but continued to have other collected (S1 n = 2, S2 




All statistical analyses were conducted using SAS Version 9.4 (SAS Institute Inc., 
Cary NC). All PDM variables were summed by d using the MEANS procedure of SAS 
(DF = 1697). Missing data was classified as < 16 h/d for a given technology. Missing 
data throughout the study was irregular and did not occur during the same time each day, 





was available, the FREQUENCY procedure of SAS was used to adjust for missing data 
by linear interpolation, regardless of time of day.  For example, if technology F lying 
time was only reported from 0:00 to 22:00, the missing two hours were interpolated from 
the day’s recorded rest time, and a mean was calculated for the entire 24 hours. If < 16 
h/d/cow for a specific variable was available, data was considered missing. If a 
combination of variables from the same technology totaled < 0 h/d or ≥ 24.5 h/d, the data 
was considered missing or attributed to technology error, respectively, and removed from 
the data set. If > 24 h but ≤ 24.5 h/d was available, linear interpolation was used to 
calculate a 24 h mean for each variable. This approach was used by Tsai (2017)  to 
assess missing behavioral and physiological data associated with disease. Without this 
method, an additional 35% of total data would be removed from the final data set. 
Additionally, if reticulorumen temperature was < 37.5 ºC (Wenz et al., 2011), a cow was 
considered to be drinking, and those observations were removed from the data set. If 
milking time (technology C) was < 1 minute, milking time was considered missing. The 
UNIVARIATE procedure was used to calculate the 1st and 99th percentile of all 
technology variables. Daily data ≤ 1st or ≥ 99th percentile was removed. 
The CORRELATION procedure of SAS was used to analyze the relationships 
among treatment by period, mean THI and maximum THI (maxTHI). Individual 
treatment by period THI and maxTHI were highly correlated (r ≥ 0.90) among treatment 
pens, so total mean and maximum for all treatments was calculated through the MEANS 
procedure of SAS. Mean THI and maxTHI by treatment and period and daily mean THI 
and maxTHI are reported in Appendix 4 and Apendix 7, respectively. Because mean WS 





for all treatment and period level interactions. All technology variables, as described in 
Appendix 3, were analyzed using the MIXED procedure of SAS 9.4 (SAS Inc., Cary, 
NC, USA). Sequence, period, treatment, and mean THI remained as covariates in all 
models, regardless of significance. A covariance structure of compound symmetry was 
used to account for the assumed homogenous variance among treatment, period, and 
sequence. All two-way interactions were evaluated and stepwise backwards elimination 
was used to remove any non-significant interactions with a significance > 0.05. Main 
effects remained in the model regardless of significance. 
The MEANS procedure of SAS 9.4 (SAS Inc., Cary, NC, USA) was used to 
calculate average and maximum RR (breaths/min) and HR (beats/min) by d. If < 4 h/d 
(33% of total collection d) of continuous data were unavailable, HR was considered 
missing for that day (n = 3). Respiration rate, HR, and reticulorumen temperature were 
analyzed using the MIXED procedure of SAS. Sequence, period, treatment, maxWS, and 
mean THI remained as covariates in all models, regardless of significance. A compound 
symmetry covariance structure was used to account for the assumed homogenous 
variance among treatment, period, and sequence. All two-way interactions were 
evaluated and stepwise backwards elimination was used to remove any non-significant 
interactions. Main effects remained in the model regardless of significance. All final 
quarter SCC were converted to somatic cell score SCS as described by (Ali and Shook, 
1980; SCS = (log2SCC/100,000) +3) for further data analysis. If SCC was ≤ 18,000 
cells/mL (SCS < 0), cow SCS was recorded as 0 to indicate the lowest possible SCS. 
Mean treatment SCS on day 10 of each period was calculated using the MEANS 





(SAS Inc., Cary, NC, USA) for treatment, sequence, mean THI, maxWS, and parity, 
because SCS is a categorical variable. 




Daily mean THI and maxTHI were calculated by treatment and period (Appendix 
4). Mean THI and maxTHI were not significantly different by treatment pen or period of 
study (P > 0.05; Appendix 6). Mean THI and maxTHI between treatment pens were very 
highly and positive correlated, r ≥ 0.99 and r ≥ 0.92, respectively. Bernabucci et al. 
(2014) reported temperatures ranging from 21 to 36 ºC and humidity between 5 and 95% 
can contribute to mild to moderate heat stress, and when THI ≥ 90 severe heat stress 
occurs. Mean THI of about 82 recorded during this experiment suggests cows were 
moderately heat stressed across all periods. However, maxTHI was 96 to 101 across all 
treatment pens and periods, suggesting that severe heat stress conditions occurred 
throughout all 3 periods. 
Daily mean THI was associated with all variables excluding technology B’s 
rumination time (DF = 1855; F < 0.01; P = 0.95), technology C’s lactose% (DF = 1463; F 
= 0.03; P = 0.89); and milking time (DF = 1352; F = 2.58, P = 0.11), technology D’s 
lying time (DF = 1903; F = 1.09; P = 0.30); technology F’s activity (DF = 1880; F = 
2.19; P = 0.14), technology H’s lying time (DF = 1902; F = 1.09; P = 0.30); and activity 
(DF = 1951; F = 0.28, P = 0.60). Daily THI tended to be associated with mean daily milk 
yield as measured by technology C (DF = 1997 F = 3.33, 0.0684). Heat stress conditions 





these results are not universal (do Amaral et al., 2009; Soriani et al., 2013; Allen et al., 
2015). 
In this study, multiple PDM were used to assess the same physiological variable, 
so relationship between technology variable and THI may be associated with the 
technology. Borchers et al. (2016) observed moderate correlation between rumination 
time and visual observation, suggesting that rumination time may have been less accurate 
than technology B. Similarly, technology D’s lying time and technology F’s variables 
have not been validated or have not been peer reviewed, respectively. Additionally, milk 
components may not vary with THI. Kekana et al. (2018) observed no differences in 
lactose %, protein %, fat %, and milk yield when THI ranged from 72 to 83 and THI 
ranged from 75 to 87 to reflect daily diurnal variation. Similarly, Nasr and El-Tarabany 
(2017) reported no difference in protein % or lactose % when THI < 70 versus when THI 
was 80 to 85. Although THI > 68 is considered the threshold at which cows experience 
heat stress (Bernabucci et al., 2014), this threshold does not always correlate with 
behavioral and physiological changes. Therefore, other variables must be considered to 
determine the association between heat stress and changes as detected by PDM. 
Physiological Monitoring 
Mean respiration rate was 72.0, 64.2, and 50.9 breaths/min among N, F, and FS 
cows, respectively (Appendix 7). Cows are considered to be in mild heat stress when 
respiration rate > 60 breaths/min, moderate heat stress at > 75 breaths/min, and severe 
heat stress when breaths/min exceeds 85 (Rhoads et al., 2009). This suggests that cows 
in N treatment pen were mildly heat stressed throughout the day, and reached severe heat 





reported highest risk of heat stress occurred between 12:00 and 17:59, suggesting that 
cows in this study should have experienced greatest elevated respiration rate at 16:00. 
However, Cook et al. (2007) were based in Wisconsin, which experiences lower humidity 
during than the summer than Kentucky. Elevated respiration at 19:00 corresponded to 
PM milking and may be indicative of cows moving to and from the parlor. Although 
cows passed through fans and sprinklers on the way to the parlor, while in the holding 
pen cows received no cooling. 
Schutz et al. (2011) found that cows exposed to sprinklers decreased respiration 
rate 38% versus 17% under shade alone (P < 0.01). Sprinkler flow rates of 1.3 to 4.5 
L/min reduced respiration rate by 9 to 13 breaths per minute, regardless of droplet size 
(Chen et al., 2015). Elevated RR and open mouth breathing helps to rapidly pass air 
through the mouth allowing for tongue moisture to evaporate and cool air to be spread 
throughout the body (Renaudeau et al., 2012). Lowest daily respiration rate was 
observed at 7 am regardless of treatment or period, (Appendix 8). 
Reticulorumen temperature was greater among cows in treatment N, versus 
treatments F and FS (P < 0.05), regardless of sequence (Appendix 9). Reticulorumen 
temperature was greater among cows in treatment F than treatment FS (P < 0.05) for 
sequence 1 and 2. Cows undergoing S1 during FS had greater reticulorumen temperature 
than cows undergoing S3 during FS (P < 0.01). This may continue to suggest that cows 
in S1 did not fully return to baseline levels between treatments and required a larger 
washout period between N, F, and FS. Although cows were provided FS conditions 
during the washout period, cows were not guaranteed to return to thermoneutral 





observed cows that spent 3 h/d underneath the showers a cooler lower body temperature 
from 14:00 to 15:00 and 17:00 to 22:00. In cows under severe heat stress, mean rectal 
temperature ranged from 38.2 to 40.2 ºC during the morning and 38.4 to 40.7 ºC during 
the afternoon (do Amaral et al., 2009; Burfeind et al., 2010). Although reticulorumen 
temperature and rectal temperature are moderately correlated, reticulorumen temperature 
tended to be higher than rectal temperature (Bewley et al., 2008). In this study, mean 
daily reticulorumen temperature during treatment N was 39.2 ˚C, suggesting that cows 
may have only experienced mild to moderate heat stress. Further research should be 
conducted to determine how rectal and reticulorumen temperature vary under heat stress 
conditions, so that a threshold for reticulorumen temperature can be used to determine 
heat stress. 
Treatment, period, sequence, and mean THI were not significant associated with 
composite SCS, mean HR, or maximum HR. Composite SCS was ≥ 4 for 7 cows during 
P1, 7 cows during P2, and 5 cows during P3 (Chi square = 0.62, P > 0.05).  Holstein 
cows mean SCS under mild (THI > 72 and < 79), moderate (THI > 79 and < 90), and 
severe (THI > 90) heat stress conditions was not significantly different (Smith et al., 
2013). Similar to Smith et al. (2013) we hypothesized that SCS would not differ between 
treatments. However, Testa et al. (2017) reported that bulk tank mean SCC increased by 
0.16% with every 1 ºC. In our research, we evaluated mean quarter SCC among 71 cows 
across three treatments. Future research should explore the relationship between herd 






Mean HR by treatment was 89.6 ± 25.2, 87.5 ± 11.3, and 78.1 ± 19.6 beats/min, 
 
respectively. Maximum HR by treatment was 102.9 ± 28.3, 96.8 ± 10.6, and 95.2 ± 10.8 
beats/min, among N, F, and FS, respectively. By treatment, mean and maximum HR had 
an 11 to 27% SEM, suggesting greater individual variation. Kovács et al. (2015) reported 
a similar trend, suggesting heart rate measurements were highly variable due to missing 
data, malfunctioning monitors, and position relative to the cow. Kovács et al. (2015) 
suggested cow calmness may impact HR more than additional external stressors. This 
was reflected in research by Doerfler et al. (2016) in which cows exposed to a novel feed 
scraper decreased HR within 4 weeks of initial exposure, regardless of additional stimuli. 
Despite 2 week period acclimation period implemented within our study, cows were 
reactive to continuous HR monitors. Further, during P3, 6 monitors were removed 
because cows developed lesions, abnormal skin and tissue, and extreme pain. Therefore, 
the combination of individual cow variability, injury during P3 and insufficient 
acclimation may have negated the effects of heat stress on HR. 
Milk production and milk components 
 
Parity and the interactions with period (Appendix 10) and treatment (Appendix 
 
11) were associated with of energy corrected milk (ECM; Technology C). Multiparous 
cows produced 3.3 kg/d more milk than primiparous cows. Energy corrected milk was 
not significantly different between period in primiparous cows, but lower in multiparous 
cows during period 3 (Appendix 10). Multiparous cows in F and FS produced less ECM 
than cows under treatment N (Appendix 11). Similar to this study, Tapkı and Şahin 
(2006) and Bernabucci et al. (2014) found high producing or multiparous cows 





increased THI. Heat stressed multiparous cows produced significantly more milk than 
primiparous heat stressed cows (Bernabucci et al., 2014). 
Results observed in our study were similar to other studies, as milk production 
losses associated with heat stress vary from 1 kg/d to 7.5 kg/d under mild to moderate 
heat stress (do Amaral et al., 2009; Rhoads et al., 2009; Bernabucci et al., 2014). 
Providing heat abatement may help to reduce milk production losses. Chen et al. (2016) 
reported cows without heat abatement produced less milk than cooled cows. Similarly, 
(Urdaz et al., 2006) observed that cows exposed to fans, sprinklers, and shade versus 
cows just exposed to shade, had an increased milk production over the first 60 DIM, but 
no difference was observed between fans and sprinklers. However, milk production loss 
associated with heat stress is not universal. Kendall et al. (2007) reported no significant 
differences between milk yield or milk components in cows under shade, sprinklers, or 
shade plus sprinklers. This suggests that milk production variation in may be attributed 
to other factors including ration, genetics, housing and environment. 
do Amaral et al. (2009) and Tao et al. (2011) reported cows that experienced heat 
stress during the dry period had lower milk yield for 30 to 40 weeks post parturition, 
suggesting the impacts of heat stress may remain for weeks after cooling becomes 
sufficient. In this study, starting DIM ranged from 48 to 575 and ending DIM 88 to 615. 
Cows typically reached their peak production at 94 ± 16 DIM (DeVries et al., 2003). At 
the initiation of P1, P2, and P3; 11, 9, and 7 cows were within the estimated peak 
production time range, respectively, as described by DeVries et al. (2003). Because there 





periods, decreased energy corrected milk may be attributed to later DIM or inability for 
cows to return to their thermoneutral range between periods. 
Mean lactose percentage was found to be greater in primiparous cows than 
multiparous cows (F = 10.53; P < 0.05; Appendix 12). Period 2 milk lactose was greater 
than P1 or P3 (Appendix 12). Although results were numerically significant, < 1% 
change in lactose may be difficult to accurately assess for physiological variation 
(O’Hara et al., 2017).  Cows in FS had a greater fat to protein ratio than cows in 
treatment F (DF = 1464; t = -2.61; P < 0.01). Fat to protein ratio was also greater during 
P3, regardless of parity (DF = 1464; t =-16.56; P < 0.01; Appendix 13). O’Hara et al. 
(2017) reported a 0.15 to 0.29 % change or protein as a significant difference, suggesting 
minimal biological significance with a low fat to protein ratio. Hammami et al. (2013) 
suggested dry matter intake, milk yield, and milk components begin to decrease as THI 
rose above 60, but these results varied greatly across study. Rhoads et al. (2009) and 
Nasr and El-Tarabany (2017) observed no difference in fat, protein or lactose % when 
correcting for feed efficiency among cooled and heat stressed cows. When heat 
abatement type was considered, Kendall et al. (2007) reported no significant differences 
between milk fat or milk protein among cows exposed to shade, sprinklers, or shade plus 
sprinklers. Among these studies with non-biologically significant changes in 
components, heat stress was short term, suggesting heat-stress length, daily variation, and 
environmental conditions may have significant effects on milk components. 
Milking time was longer for multiparous than primiparous cows (DF = 67; F = 
9.84; P < 0.01; Appendix 14). Milking time in N cows (5.34 minutes) was lower than 





Because multiparous cows tend to produce more milk, milking time is often longer to 
expel maximum milk. Multiparous cows averaged 0.32 mS/cm greater milk conductivity 
(P < 0.01) than primiparous cows.  Milk conductivity was also 0.26 mS/cm greater 
during periods 1 and 2 than period 3 (P < 0.01). However, these variations by treatment, 
such as the case of lactose % and fat to protein were not biologically significant. 
Activity and non-active time 
 
Although the authors recognize the repetition between multiple variables, such as 
lying time and rumination time, the objective of this study was not to compare 
technologies. Therefore, all technology variables have been included, regardless of best 
association. Lying time (measured by technology D) was not significantly different by 
treatment (DF = 1629; F = 0.98; P = 0.37). Sequence as measured by technology D (DF 
= 64.2; F = 3.87; P = 0.03; Appendix 15) and technology F (DF = 262; F = 8.04; P < 
0.01) were significantly associated with heat stress. However, lying time (technology E; 
DF = 1950; F = 73.02; and P < 0.01; Appendix 16), rest time (technology F; DF = 1697; 
F = 19.62; P < 0.01; Appendix 17), lying time (technology H; DF = 1902; F = 21.91; P < 
0.01; Appendix 18), by treatment was significantly associated with heat stress. 
Additionally, lying time (measured by technology E) was significant by period (DF = 
1950; F = 3.27; P = 0.04; Appendix 19). To summarize these results with numerical 
associations, cows in treatment N spent 57 and 80 min/d less lying than treatment F 
(Technologies E, F, and H) and 61 to 102 min/d less lying than cows under treatments F 
and FS, respectively (Technology E, F, and H). Lying bouts (measured by technology 
E) was significantly different by sequence and treatment (DF = 1951; F =5.93; P < 0.01; 





parity (DF = 1910; F = 15.42; P < 0.01; Appendix 21). Activity by period and parity as 
measured by technology H was significantly associated with heat stress (DF = 1952; F = 
5.42; P < 0.01; Appendix 22). Daily activity by sequence and treatment, as measured by 
technology H was significantly associated with heat stress (DF = 1951; F = 42.83; P < 
0.01). 
When core body temperature was greater, lying time decreased (Allen et al., 
2015). Herbut and Angrecka (2018) reported similar decrease in lying time to that 
observed in this study. As THI increased by 1 unit, lying time within freestalls decreased 
(Herbut and Angrecka, 2018). The association between treatment and sequence with 
lying time as measured by technologies D, E, F, and H varied greatly. Across the 4 
technologies, 3 technologies were associated with treatment and 2 technologies were 
associated with sequence. Precision dairy monitoring technologies vary based on 
established equations and validations (Rutten et al., 2013; Borchers et al., 2016; Bewley 
et al., 2017). 
Cows tend to increase standing time when core body temperature is ≥ 38.9 ˚C (E. 
Hillman et al., 2005). Cook et al. (2007) also reported that cows tended to stand longer 
during periods of heat stress, potentially to increase their exposure to cooling strategies 
(including fans and sprinklers) and increased air movement. When able to avoid direct 
spray, cows showed greater standing preference underneath sprinklers to aid evaporative 
cooling (Kendall et al., 2007; Chen et al., 2013). Because sprinklers sprayed out from the 
feedbunk, sprinklers could only spray on cows necks when heads were put through 





feedbunk, possibly explaining why lying time was not significantly different between 
treatments F and FS. 
As with milk yield, period variation may be attributed to the long term effects of 
heat stress or increased DIM. During P3, cows spent 49.5 and 42.1 min/d more not active 
time than during period 1 and period 2, respectively (Technology B). Increased non- 
active time during P3 is further emphasized by the decreased milk production in P3 
versus P1 and P2. Although mean THI was not significantly different between periods, 
some cows may have adjusted to the heat stress conditions and tried to thermoregulate 
through other methods, such as decreased milk production. von Keyserlingk et al. (2012) 
reported mean lying time across three regions of the United States and Canada was about 
660 min/d. As measured by technology F, primiparous and multiparous cows during P1 
spent 480 and 503 min/d lying compared to 590 and 573 min/d during P3, respectively. 
Reduced ECM combined with increased lying times may further suggest that cows 
compensated for the conditions by making physiological changes. With a greater 
washout period, cows may have recovered from heat stress conditions and not made 
physiological changes seen through milk production and lying time, by period. 
Vasseur et al. (2012) reported more lying bouts per day among multiparous cows 
housed in tie stalls versus freestalls, suggesting bout frequency may be related to bedding 
or stall discomfort, parity, and DIM. Although evaporative cooling can be the most 
effective in hot environments (Collier et al., 2006), when no sprinklers are available cows 
moderate heat load through convection, conduction, and radiation. Cows on this study 
may have elevated lying bouts if convection was a not a sufficient means to lower heat 





be explained by prolonged heat stress without sufficient abatement, and inadequacy to 
recover to baseline practices. Lying behavior and activity as assessed by PDM may be 
one method for determining cows’ heat load. However, as association between heat 
stress and technology varied by technology, determining best methods of lying and 
activity assessments requires further research. 
Rumination time, eating time, and time at the feedbunk 
 
Rumination time, as measured by technology D, was significantly different by 
treatment and sequence (DF = 1651; F = 8.80; P < 0.01; Appendix 24). Cows in S1 and 
S2 mean rumination time was similar regardless of treatment. Cows in S3 ruminated 
more during treatment N than cows in S1 or S2, than under treatment FS. A carry over 
effect from pens F and FS may have impacted the rumination time in N. Cows exposed 
to S3 were given 30 d with treatment F and Fs before entering starting treatment N. 
Cows may have been better equipped to handle the N conditions, compared to cows 
undergoing other sequences. Rumination time, as measured by technology B, was 
significantly different by parity and period (DF = 1856; F = 10.57; P < 0.01; Appendix 
25) and treatment and parity (DF = 1856; F = 9.65; P < 0.01; Appendix 26). Cows in 
treatment N spent more min/d ruminating than cows under F and FS, respectively 
(Technology D; P < 0.05), but rumination time, as measured by Technology B was not 
significantly different by treatment (P = 0.69). Mean rumination time observed within 
our study was similar to Soriani et al. (2013). Differences in mean rumination time 
between treatment N versus F and FS, observed in this study was similar to results 
obtained by Karimi et al. (2015). This suggests that rumination times recorded in this 





Eating time as measured by technology B, was significantly different by treatment 
and parity (DF = 1872; F = 16.69; P < 0.01; Appendix 27). Primiparous cows spent more 
time eating than multiparous cows, as measured by technology B (DF= 1871; F = 66; P < 
0.01). Similarly Primiparous cows spent more time at the feedbunk than multiparous 
cows, regardless of treatment (DF = 67; F = 19.12; P < 0.01). Primiparous cows can 
accommodate for additional heat load better than multiparous cows due to rumen and 
udder size (Bernabucci et al., 2014). Multiparous cows also have greater mass than 
primiparous cows, suggesting a greater difficulty modulating heat. This may suggest that 
primiparous cows were better equipped to maintain feeding time, regardless of treatment, 
compared to multiparous cows, which were more affected by the heat load.  Time spent 
at the feedbunk, as measured by technology H, was greater among cows in treatment F 
than cows in treatment N or FS, respectively (DF = 1433; F = 14.38; P < 0.01). Cows in 
N and F had more visits to the feedbunk than cows in FS (DF = 1429; F = 36.67; P < 
0.01). 
Chen et al. (2013) reported cows with sprinklers spent more time standing without 
eating feeding cows with no sprinklers. Of cows given the option for sprinklers or shade, 
65% chose shade only (Schutz et al., 2011). Cows also spent more time at the feedbunk 
between 0900 to 1800, regardless if the showers were on (Chen et al., 2013). Long term 
effects of heat stress combined with inadequate washout periods may have contributed to 
the changes in time at the feedbunk across periods. 
During long term heat stress exposure, (Bernabucci et al., 2010) suggested that 
cows under heat stress experience similar negative energy balance (NEB) symptoms as 





addition to rectal temperature, behavioral changes, and hormonal changes. Although the 
study only assessed acute heat stress, the experiment occurred between August and 
September 2016. Cows may have experienced heat stress from May to August 2016, due 
to environmental conditions. Cows use thermoregulation to maintain body temperature 
within a comfortable range (Fuquay, 1981; Renaudeau et al., 2012; Nelson et al., 2016). 
At greater temperatures, cows thermoregulate through evaporation, convection 
(transferring heat to the air), conduction (transferring heat through physical contact), and 
radiation (heat emission to the surrounding environment; Fuquay, 1981, Deshaver et al., 
2009, Renaudeau et al., 2012). Changes in feeding and rumination time may be 
associated with metabolic heat, as a method to reduce heat through convection, 
conduction, and radiation. 
Many limitations have been noted with this study design and analysis. Firstly, 
concerns with barn design limited our ability to rotate treatments between pens. Rather, 
cows were moved to a specific pen for treatment. Therefore, a pen effect may limit our 
interpretation of observed results. Although, we attempted to account for the variation by 
including pen in all models, in future studies, treatments must be implemented within all 
pens. Secondly, cows were randomly assigned to treatment before study initiation, but all 
cows were exposed to all treatments without randomizing treatment order. For example, 
no treatment group went from treatment F to N or N to FS.  To account for this 
discretion, we attempted to include sequence as a compounding effect within all models. 
However, order of treatments may change our interpretation of results. Fourthly, FS 
served both as a treatment and washout period condition. This caused cows changing 





By providing an alternative washout or treatment, we may be able to draw stronger 
conclusions from data obtained. Finally, the study was conducted during August and 
September, meaning cows had experienced heat stress from May to July. This suggests 
that results may have been skewed by previous 2 month environmental conditions. 
Future research exploring the association between physiological and behavioral 
changes assessed with PDM and heat stress should consider individual cow baseline, 
based on periods without heat stress. Because individual cows modify their behavior and 
physiology in response to heat stress at different THI, heat abatement may be insufficient 
for returning cows to initial baseline RR, HR, reticulorumen temperature, feeding 
behavior, lying behavior, activity, and rumination time. Additionally, future research 
should use changes in physiology and behavior, as monitored with PDM, to determine 
when heat abatement strategies should activate. Using a nadir point for a single variable 
or combination of variables including lying time, lying bouts, feeding time, rumination 
time, milk yield, or activity may allow producers to better implement heat stress 
abatement strategies. Exploring uses for PDM may help promote increased adoption rate 




Precision dairy monitoring technologies can be used determine associations 
between heat stress and behavior and physiological variables among cows exposed to N 
and F. Respiration rate and reticulorumen temperature was greater among cows given N 
than F or FS. Heat stress reduced milk production, eating time, lying time, and increased 





in physiological and behavioral variables associated with PDM varied with PDM used. 
Further exploration must be done to determine if a PDM can generate alerts for heat 
stress before severe heat stress occurs. Although PDM may indicate when cows undergo 
physiological and behavioral changes associated with heat stress, PDM variation was 
observed throughout the study. Determining the optimal PDM or variables associated 
with heat stress may provide the next step towards using PDM effectively. 
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Appendix 1. Ingredient and chemical composition of total mixed ration fed during the 





Nutrient Unit DM Dry Matter (lbs/d) As Fed (lbs/d) 
Corn Silage % 35.5   
Grain % 34.8   
Cottonseed Fuzzy % 92.0   
Hay % 85.1   
DM %  100 53.40 
Forage %  46.8 24.99 
CP %  16.61 8.87 
RUP % CP  39.44 21.06 
RDP % CP  60.56 32.33 
RDP % DM  10.06 5.37 
SP % CP  40.81 21.79 
ME Mcal/lb  1.15 0.62 
NEl Mcal/lb  0.74 0.40 
NEm Mcal/lb  0.75 0.40 
NEg Mcal/lb  0.47 0.25 
ADF % DM  19.54 10.43 
aNDFom % DM  28.82 15.39 
Forage % NDF  63.48 33.90 
Forage NDF %  18.30 9.77 
Forage NDF % BW  0.60 0.32 
peNDF %  19.55 10.44 
Lignin % NDF  13.08 6.99 
NFC %  42.46 22.67 
Lactic %  2.67 1.42 
Silage Acids %  1.87 1.00 
Other Acids %  0.00 0.00 
Sugar %  3.71 1.98 
Starch %  30.04 16.04 
Sol Fiber %  4.18 2.23 
EE %  4.58 2.44 
LCFA %  3.83 2.05 
Ash %  7.93 4.24 
DM %  100 53.40 
Ca %  0.85 0.46 
P %  0.39 0.21 
Mg %  0.37 0.20 
K %  1.28 0.69 
S %  0.20 0.10 
Na %  0.41 0.22 
Cl %  0.37 0.20 





Zn ppm 79.33 42.36 
Cu ppm 17.89 9.55 
Mn ppm 90.3 48.22 
Se ppm 0.37 0.20 
Co ppm 1.16 0.62 
I ppm 0.98 0.52 
Vit-A KIU/lb 2.50 1.30 
Vit-D KIU/lb 0.60 0.30 
Vit-E IU/lb 18.1 9.60 
DCAD1 mEq/kg 278 149 





Appendix 2. Cow treatment sequence across three 10-day periods1 conducted at the 
University of Kentucky Coldstream dairy from August 15 to September 23, 2016. 
 
Sequence Period 1 Washout 15 Period 2 Washout 25 Period 3 
S1 N2 FS 4 F3, 4 FS 4 FS 4 
S2 F3 FS 4 FS4 FS 4 N2 
S3 FS4 FS 4 N2 FS 4 F3 
1 Period was defined in three intervals: P1 (August 15 to August 24), P2 (August 30 to 
September 8), and P3 (September 14 to September 23). 
2 Cows exposed to N for 10 days. Fans and sprinklers were turned off at 4:00 am on the 
first day of each period. 
3 Cows exposed to F 10 days. Sprinklers were turned off at 4:00 am on the first day of 
each period. 
4 Cows under F and FS were exposed to HVLS and Yellow Jacket fans (Big Ass, 
Lexington, KY) with an RPM of 56.8 mph and 116.0 mph, respectively. 
5 The washout period was 5 days. Fans and sprinklers were turned on at 6:30 am on the 
first day of each washout period, and remained on until 4:00 am of the next period. Cows 




Appendix 3. Precision dairy monitoring technology variables used to assess changes in 
behavior and physiology associated with heat stress. 
 
 
Technology A Reticulorumen bolus Reticulorumen temperature (˚C)1 
Technology B Left ear tag Rumination time (min/d) 
  Eating time (min/d) 
  Time not active (min/d) 
  Time active (min/d) 
Technology C Within parlor Milk yield (kg/d) 
  Fat to protein ratio 
  Lactose (%) 
  Milking time (min/d) 
  Conductivity (mS/cm) 
Technology D Right ear tag Rumination time (min/d) 
  Lying time (min/d) 
  Time not active (min/d) 
  Time active (min/d) 
Technology E Left front leg tag Steps (steps/d) 
  Walking time (min/d) 
  Standing time (min/d) 
  Lying time (min/d) 
  Lie to stand (bouts/d) 
Technology F Right rear leg tag Activity (steps/d) 
  Rest time (min/d) 
  Rest bouts (bouts/d) 
Technology G Immediately upon exiting parlor Body weight (kg/d) 
Technology H Right front leg tag Activity (steps/d) 
  Visits to the feedbunk (times/d) 
  Time at the feedbunk (min/d) 
  Lying time (min/d) 
  Lying bouts (bouts/d) 
Vent Genie   
AutoVent, Oley, 




1 Reticulorumen temperature was recorded using a reticulorumen bolus. If core body 
temperature was < 37.5 ˚ C, a cow was considered drinking and data was removed. 
2 THI = temperature (⁰F) - [0.55 – (0.55 × relative humidity/100)] × [temperature (⁰F) – 




Appendix 4. Mean and maximum daily THI1 by treatments no fans, fans alone, and fans 
plus sprinklers accounting for period2 and mean and maximum daily THI1 by period2 
collected by an automatic temperature and humidity recording system (Vent Genie, 
AutoVent LLC, Oley, PA, USA) from August 15 to September 23, 2016 as calculated. 
 










N 81.8 8.0 > 0.05 A 99.4 9.0 > 0.05 A 
F 82.0 8.0 > 0.05 A 98.7 9.1 > 0.05 A 
FS 81.8 7.9 > 0.05 A 97.7 8.8 > 0.05 A 
         
Period2 Mean SEM4 
P 
Value5 




P1 82.7 4.2 > 0.05 A 96.3 4.8 > 0.05 A 
P2 82.1 6.7 > 0.05 A 99.4 7.0 > 0.05 A 
P3 81.5 1.8 > 0.05 A 101.6 4.9 > 0.05 A 
 
1 THI = temperature (⁰F) - [0.55 – (0.55 × relative humidity/100)] × [temperature (⁰F) – 
58.8] 
(NOAA, 1976). 
2 Periods were defined as P1 (August 15, 2016 to August 24, 2016), P2 (August 30, 2016 
to September 8, 2016) and P3 (September 14, 2016 to September 23, 2016). 
3 Treatment were defined as natural ventilation (N), fans alone (F) or fans plus sprinklers 
(FS). 
4 Standard error of the mean was calculated based by the MIXED procedure of SAS 9.4 
5 P Value was based on the mean and maximum THI ± SEM. 
6 Significance distinguished the difference between mean or maximum THI. Different 
letters (A, B) signify significance at P < 0.05 within mean or maximum THI. 





Appendix 5. .Proportional image of the University of Kentucky Coldstream Dairy1 
compost bedded pack treatment pens2 housing cows under three treatments: no fans and 

















Fresh cows (Not on study) 
 
 
Close up dry cows 
(Not on study) 
Headlocks without sprinklers Headlocks with sprinklers Headlocks with sprinklers 
   

















Additional feeder trial 
pen (Not on study) 
1 University of Kentucky Coldstream dairy barn faces 80˚ east, indicated by compass 
rose. 
2Cows were rotated between treatments (Table 2.1) on day 1 of the washout period. 
3 Cows were exposed to fans and sprinklers (treatment 1) and sprinklers alone (treatment 
2) when walking to and from the parlor for AM and PM milking. Sprinklers activated 
when temperature was ≥ 20˚C, so during all AM and PM milkings sprinklers were not on. 
5 Treatment pens 2 and 3 were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. 





Appendix 6. Daily mean and maximum temperature humidity index (THI) across periods 
comparing periods1 1 (August 15 to August 24, 2016), 2 (August 30 to September 8, 





























































































































































































































Appendix 7. Mean respiration rate1 of 12 cows per pen exposed to no fans and no 






















1 Respiration rate (breaths/min) was collected on d 1, 3, 5, 7, and 9 of each period for 12 
cows undergoing each treatment and averaged by d. 
2 Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. 
3 Period was defined in three intervals: period 1 (August 15 to August 24), period 2 
(August 30 to September 8), and period 3 (September 14 to September 23) (Table 2.1). 
4 Solid black circles and line indicate mean THI7 on each day. 
5 Solid lines of the same color as the treatment represent the mean RR on any day. 
6 Non-black circles indicate individual cow respiration rate by day and treatment. 
6 THI = temperature (⁰F) - [0.55 – (0.55 × relative humidity/100)] × [temperature (⁰F) – 
58.8] (NOAA, 1976). 
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Appendix 8. Differences in daily mean respiration rate (kg/d) SEM as measured by 
treatment pen, comparing mean daily temperature at 7:00, 11:00, 15:00, and 19:00 among 






















1 Natural ventilation (N) was defined as no fans or sprinklers. 
2Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. Fans were on continuously in pens with F and FS. 
3 Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
4 Treatments with different letters (A, B) are significantly different (P < 0.05). 
5 Error bars represent standard error of the mean. 







































































Appendix 9. Differences in mean reticulorumen temperature (˚C) and SEM as measured 
by technology A, comparing natural ventilation1, fans alone2, and fans plus sprinklers2, 3 




















1 Natural ventilation (N) was defined as no fans or sprinklers. 
2 Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. 
3 Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
4 Sequence 1 (S1) was defined as treatment order N, F, and FS. 
5 Sequence 2 (S2) was defined as treatment order F, FS, and N. 
6 Sequence 3 (S3) was defined as treatment order FS, N, and F. 
7 Treatments with different letters (A, B) are significantly different (P < 0.05). 
8 Error bars represent standard error of the mean. 
N F FS N F FS N F FS 
Changes in temperature (˚C) by treatment and sequence 
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Appendix 10. Differences in daily mean energy corrected milk (kg/d) and SEM as 
measured by technology C, comparing all days of periods1 1 (August 15 to August 24, 
2016), 2 (August 30 to September 8, 2016), and 3 (September 14 to September 23, 2016) 



















1 Periods were 10 d each. A 5 d washout period occurred between P1 and P2, and P2 and 
P3. 
2 Treatments F and FS were equipped with one 4.88 m Powerfoil X3 High Volume Low 
Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and two 
equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, KY) in 
the feed alley. 
Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
3 Periods with different letters (A, B) are significantly different (P < 0.05). 
4 Error bars represent standard error of the mean. 
Energy corrected milk (kg/d) by period and parity 
P3 P2 P1 P3 P1 P2 
 


































Appendix 11. Differences in daily mean energy corrected milk (kg/d) and SEM as 
measured by technology C, comparing all days of natural ventilation1, fans alone2, and 


















1 Natural ventilation (N) was defined as no fans or sprinklers. 
2 Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. 
3 Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
4 Treatments with different letters (A, B) are significantly different (P < 0.05). 
5 Error bars represent standard error of the mean. 
N F FS N F FS 
Energy corrected milk (kg/d) by treatment and parity 
 


































Appendix 12. Differences in daily mean milk lactose (%) and SEM as measured by 
technology B, sequence1 1 (N2, F3, and FS4), sequence 2 (F, FS, and N) and sequence 3 

















1 Sequences were three 10 d periods, P1 (August 15 to August 24, 2016), P2 (August 30 
to September 8, 2016) and P3 (September 14 to September, 2016). A 5 d washout period 
occurred between P1 and P2, and P2 and P3.  Cows exposed to FS treatment2 during the 
5 d washout periods. 
2 Natural ventilation (N) was defined as no fans or sprinklers. 
3 Pens housing treatments fan (F) and fan plus sprinklers (FS) were equipped with 
Treatments 2 and 3 were equipped with one 4.88 m Powerfoil X3 High Volume Low 
Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and two 
equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, KY) in 
the feed alley. 
4 Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
5 Sequences with different letters (A, B) are significantly different (P < 0.05). 
6 Error bars represent standard error of the mean. 
S1 S2 S3 S1 S2 S3 





























Appendix 13. Differences in mean daily milk fat to protein ratio and SEM as measured 
by technology C, comparing periods1 1 (August 15 to August 24, 2016), 2 (August 30 to 
September 8, 2016), and 3 (September 14 to September 23, 2016) among primiparous 

















1 Periods were 10 d each. A 5 d washout period occurred between P1 and P2, and P2 and 
P3. 
2 Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, 
sprinklers sprayed large droplets for 1 minute with a 15 minute and 45 second break 
between cycles. As temperature increased, the time between cycles linearly decreased 
until 28.9 ºC, when the on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, 
sprinklers sprayed for 1 minute every 4 minutes. 
3 Periods with different letters (A, B) are significantly different (P < 0.05). 
4 Error bars represent standard error of the mean. 
P1 P2 P3 P1 P2 P3 































Appendix 14. Differences in daily milking time (min/d) SEM as measured by technology 
C, comparing periods1 1 (August 15 to August 24, 2016), 2 (August 30 to September 8, 


















1 Periods were 10 d each. A 5 d washout period occurred between P1 and P2, and P2  P3. 
2 Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, 
sprinklers sprayed large droplets for 1 minute with a 15 minute and 45 second break 
between cycles. As temperature increased, the time between cycles linearly decreased 
until 28.9 ºC, when the on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, 
sprinklers sprayed for 1 minute every 4 minutes. 
3 Periods with different letters (A, B) are significantly different (P < 0.05). 
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Appendix 15. Differences in mean lying time (mins/d) and SEM as measured by 
technology D, comparing natural ventilation1, fans alone2, and fans plus sprinklers2, 3 
















1 Natural ventilation (N) was defined as no fans or sprinklers. 
2 Pens housing treatments fan (F) and fan plus sprinklers (FS) were equipped with one 
4.88 m Powerfoil X3 High Volume Low Speed (HVLS) Fans (Big Ass Solutions, 
Lexington, KY) centered over the pen and two equidistant 76.2 cm Yellow Jacket 
oscillating fans (Big Ass Solutions, Lexington, KY) in the feed alley. 
3 Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
4 Sequence 1 (S1) was defined as treatment order N, F, and FS. 
5 Sequence 2 (S2) was defined as treatment order F, FS, and N. 
6 Sequence 3 (S3) was defined as treatment order FS, N, and F. 
7 Treatments with different letters (A, B) are significantly different (P < 0.05). 
8 Error bars represent standard error of the mean. 
N F FS N F FS N F FS 
Changes in lying time (min/d) by treatment and sequence 
B 
A, B   
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Appendix 16. Differences in lying time (min/d) and SEM as measured as measured by 
technology E, comparing periods1 1 (August 15 to August 24, 2016), 2 (August 30 to 
September 8, 2016), and 3 (September 14 to September 23, 2016) among primiparous 


















1 Periods were 10 d each. A 5 d washout period occurred between P1 and P2, and P2 and 
P3. Cows exposed to FS treatment2 during the 5 d washout period. 
2 Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. 
Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
3 Periods with different letters (A, B) are significantly different (P < 0.05). 
4 Error bars represent standard error of the mean. 
Lying time (min/d) by period and parity 
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Appendix 17. Differences in daily mean lying time (min/d) and SEM as measured by 
technology F, comparing natural ventilation1, fans alone2, and fans plus sprinklers2, 3 

















1 Natural ventilation (N) was defined as no fans or sprinklers. 
2 Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. 
3 Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
4 Treatments with different letters (A, B) are significantly different (P < 0.05). 
5 Error bars represent standard error of the mean. 



























Appendix 18. Differences in daily mean lying time (min/d) and SEM as measured by 
technology H, comparing natural ventilation1, fans alone2, and fans plus sprinklers2, 3 

















1 Natural ventilation (N) was defined as no fans or sprinklers. 
2 Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. 
3 Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
4 Treatments with different letters (A, B) are significantly different (P < 0.05). 
5 Error bars represent standard error of the mean. 




























Appendix 19. Differences in daily mean lying time (min/d) and SEM as measured as 
measured by technology F, comparing periods1 1 (August 15 to August 24, 2016), 2 
(August 30 to September 8, 2016), and 3 (September 14 to September 23, 2016) among 

















1 Periods were 10 d each. A 5 d washout period occurred between P1 and P2, and P2 and 
P3. Cows exposed to FS treatment2 during the 5 d washout period. 
2 Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. 
Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
3 Periods with different letters (A, B) are significantly different (P < 0.05). 
4 Error bars represent standard error of the mean. 
P1 P2 P3 P1 P2 P3 
Lying time (min/d) by period and parity 
B, E 
  
























Appendix 20. Differences in mean lying bouts (bouts/d) and SEM as measured by 
technology E, comparing natural ventilation1, fans alone2, and fans plus sprinklers2, 3 
















1 Natural ventilation (N) was defined as no fans or sprinklers. 
2 Pens housing treatments fan (F) and fan plus sprinklers (FS) were equipped with one 
4.88 m Powerfoil X3 High Volume Low Speed (HVLS) Fans (Big Ass Solutions, 
Lexington, KY) centered over the pen and two equidistant 76.2 cm Yellow Jacket 
oscillating fans (Big Ass Solutions, Lexington, KY) in the feed alley. 
3 Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
4 Sequence 1 (S1) was defined as treatment order N, F, and FS. 
5 Sequence 2 (S2) was defined as treatment order F, FS, and N. 
6 Sequence 3 (S3) was defined as treatment order FS, N, and F. 
7 Treatments with different letters (A, B) are significantly different (P < 0.05). 
8 Error bars represent standard error of the mean. 
N F FS N F FS N F FS 
Changes in lying bouts (bouts/d) by treatment and sequence 
B A, B B 
 



























Appendix 21. Differences in lying bouts (bout/d) and SEM as measured as measured by 
technology H, comparing periods1 1 (August 15 to August 24, 2016), 2 (August 30 to 
September 8, 2016), and 3 (September 14 to September 23, 2016) among primiparous 

















1 Periods were 10 d each. A 5 d washout period occurred between P1 and P2, and P2 and 
P3. Cows exposed to FS treatment2 during the 5 d washout period. 
2 Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, 
sprinklers sprayed large droplets for 1 minute with a 15 minute and 45 second break 
between cycles. As temperature increased, the time between cycles linearly decreased 
until 28.9 ºC, when the on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, 
sprinklers sprayed for 1 minute every 4 minutes. 
3 Periods and parities with different letters (A, B) are significantly different (P < 0.05). 
4 Error bars represent standard error of the mean. 
P1 P2 P3 P1 P2 P3 
B, C B, C 




























Appendix 22. Differences in daily mean activity (steps/d) and SEM as measured as 
measured by technology H, comparing periods1 1 (August 15 to August 24, 2016), 2 
(August 30 to September 8, 2016), and 3 (September 14 to September 23, 2016) among 



















1 Periods were 10 d each. A 5 d washout period occurred between P1 and P2, and P2 and 
P3. Cows exposed to FS treatment2 during the 5 d washout period. 
2 Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. 
Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
3 Periods with different letters (A, B) are significantly different (P < 0.05). 
4 Error bars represent standard error of the mean. 
Activtiy (steps/d) by period and parity 
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Appendix 23. Differences in daily mean activity (min/d) and SEM as measured by 
technology H, comparing natural ventilation1, fans alone2, and fans plus sprinklers2, 3 

















1 Natural ventilation (N) was defined as no fans or sprinklers. 
2 Pens housing treatments fan (F) and fan plus sprinklers (FS) were equipped with one 
4.88 m Powerfoil X3 High Volume Low Speed (HVLS) Fans (Big Ass Solutions, 
Lexington, KY) centered over the pen and two equidistant 76.2 cm Yellow Jacket 
oscillating fans (Big Ass Solutions, Lexington, KY) in the feed alley. 
3 Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
4 Treatments with different letters (A, B) are significantly different (P < 0.05). 
5 Error bars represent standard error of the mean. 
N F FS N F FS 































Appendix 24. Differences in daily rumination time (min/d) and SEM as measured by 
technology D, comparing natural ventilation1, fans alone2, and fans plus sprinklers2, 3 


















1 Natural ventilation (N) was defined as no fans or sprinklers. 
2 Pens housing treatments fan (F) and fan plus sprinklers (FS) were equipped with one 
4.88 m Powerfoil X3 High Volume Low Speed (HVLS) Fans (Big Ass Solutions, 
Lexington, KY) centered over the pen and two equidistant 76.2 cm Yellow Jacket 
oscillating fans (Big Ass Solutions, Lexington, KY) in the feed alley. 
3 Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
4 Sequence 1 (S1) was defined as treatment order N, F, and FS. 
5 Sequence 2 (S2) was defined as treatment order F, FS, and N. 
6 Sequence 3 (S3) was defined as treatment order FS, N, and F. 
7 Treatments with different letters (A, B) are significantly different (P < 0.05). 
8 Error bars represent standard error of the mean. 
N F FS N F FS N F FS 
Changes in rumination time (min/d) by treatment and sequence 
A, B B A, B 
A, C 































Appendix 25. Differences in daily mean rumination time (min/d) and SEM as measured 
by technology B, comparing periods1 1 (August 15 to August 24, 2016), 2 (August 30 to 
September 8, 2016), and 3 (September 14 to September 23, 2016) among primiparous 

















1 Periods were 10 d each. A 5 d washout period occurred between P1 and P2, and P2 and 
P3. Cows exposed to FS treatment2 during the 5 d washout period. 
2 Treatment pens F and FS were equipped with one 4.88 m Powerfoil X3 High Volume 
Low Speed (HVLS) Fans (Big Ass Solutions, Lexington, KY) centered over the pen and 
two equidistant 76.2 cm Yellow Jacket oscillating fans (Big Ass Solutions, Lexington, 
KY) in the feed alley. 
Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
3 Periods with different letters (A, B) are significantly different (P < 0.05). 
4 Error bars represent standard error of the mean. 
P1 P2 P3 P1 P2 P3 
Rumination time (min/d) by period and parity 
C 
A, B 






























Appendix 26. Difference in daily mean rumination time (min/d) and SEM as measured 
by technology B, comparing natural ventilation1, fans alone2, and fans plus sprinklers2, 3 


















1 Natural ventilation (N) was defined as no fans or sprinklers. 
2 Pens housing treatments fan (F) and fan plus sprinklers (FS) were equipped with one 
4.88 m Powerfoil X3 High Volume Low Speed (HVLS) Fans (Big Ass Solutions, 
Lexington, KY) centered over the pen and two equidistant 76.2 cm Yellow Jacket 
oscillating fans (Big Ass Solutions, Lexington, KY) in the feed alley. 
3 Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
4 Treatments with different letters (A, B) are significantly different (P < 0.05). 
5 Error bars represent standard error of the mean. 
N F FS N F FS 






























Appendix 27. Differences in daily mean eating time (min/d) and SEM as measured by 
technology B, comparing natural ventilation1, fans alone2, and fans plus sprinklers2, 3 

















1 Natural ventilation (N) was defined as no fans or sprinklers. 
2 Pens housing treatments fan (F) and fan plus sprinklers (FS) were equipped with one 
4.88 m Powerfoil X3 High Volume Low Speed (HVLS) Fans (Big Ass Solutions, 
Lexington, KY) centered over the pen and two equidistant 76.2 cm Yellow Jacket 
oscillating fans (Big Ass Solutions, Lexington, KY) in the feed alley. 
3 Sprinklers activated when temperature was ≥ 20 ºC. At 20 ºC, sprinklers sprayed large 
droplets for 1 minute with a 15 minute and 45 second break between cycles. As 
temperature increased, the time between cycles linearly decreased until 28.9 ºC, when the 
on cycle ran every 4 minutes. When temperature was ≥ 28.9 º C, sprinklers sprayed for 1 
minute every 4 minutes. 
4 Treatments with different letters (A, B) are significantly different (P < 0.05). 
5 Error bars represent standard error of the mean. 
N F FS N F FS 
Changes in eating time (min/d) by treatment and parity 
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